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Abstract
Iodine is an important trace element in biogeochemical and redox reactions. It has a
nearly consistent concentration of ~0.46 μmol/L in the seawater and the inorganic speciation
(IO3− and I−) of iodine is primarily controlled by redox conditions in water columns. Iodate
(IO3−), not iodide (I−), is the only species that can be incorporated into carbonate minerals.
Therefore, I/Ca ratio from carbonate rocks can be used to constrain the redox condition in the
water column over a range of time scale. This dissertation contains three chapters that utilizes
I/Ca ratio from bulk carbonate rocks to reconstruct ocean redox changes during Devonian in
Laurentia and during Neoproterozoic in South China, to investigate the relationship between
ocean redox, paleoenvironmental changes and biotic events.
Chapter 1 focuses on a Mid-Devonian core from Appalachian Basin. I/Ca ratios are
generally stable and high in the Onondaga Formation but show large fluctuations in lower
Marcellus strata. The pattern of redox changes is correlated to organic-rich shale deposition, sealevel changes and biotic transitions in Devonian marine systems. The range of I/Ca values of the
core support the notion of a Devonian rise in atmospheric oxygen in the Paleozoic. Chapter 2
further investigates I/Ca data from well-dated Lower Devonian through Upper Devonian
limestone sections from the Great Basin (western Laurussia) and the Illinois Basin (central
Laurussia) and considers influences from carbonate lithology. Results indicate that lithologic
changes do not exert a dominant control on bulk carbonate I/Ca trends. The overall reducing and
variable redox conditions of local upper ocean during the Middle and Late Devonian of Great
Basin coincide with evidence of increased global environmental volatility. And the distinct I/Ca
ranges observed from three Devonian basins suggests a local redox control that potentially

influenced by paleogeographic settings. Chapter 3 studies Late Neoproterozoic cap carbonates
formed following the Cryogenian glaciations, from basal Doushantuo Formation, one of the most
extensively studied Ediacaran units in South China. Among the four sections from a shallow-todeep water transect, the slope section has the lowest I/(Ca+Mg) values, suggesting that it may
have experienced more extensive fluid-buffered diagenesis and more severe loss of IO3–. In
combination with available major, trace, rare earth element and isotope data, the temporal
I/(Ca+Mg) variations support freshwater mixing and deep-water upwelling in proximal sites and
transient oxidation during deposition of the Doushantuo cap carbonates.
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Figures for Chapter 1
Fig. 1. Paleogeographic maps of North America and New York State in the Mid Devonian
Period. North America Map is based on Blakey (2016) and the New York State Map is based on
Dennison (1985), Werne et al. (2002), and Sageman et al. (2003). Red circle denotes location of
the core used in this study; yellow circle denotes the Greene County core in southwestern
Pennsylvania from Lash and Blood (2014) discussed in the text.
Fig. 2. a) Chemostratigraphic profiles in the Morton Salt core from Yates County (NY) showing
TOC, carbonate content, C/Natomic, δ13Corg, I/Ca ratios, and biotic data. Grey boxes with R
indicate regression, and white boxes with T indicate transgression. Yellow boxes mark redox
fluctuations in the lower Marcellus subgroup. Biotic data are from DeSantis (2010). Stratigraphy
abbreviations (members is italics): Bak = Bakoven; EB = East Berne; Edg = Edgecliff; Fm =
Formation; H-C = Hurley and Cherry Valley Members; LoD = Lower Devonian; Mo =
Moorehouse; Ned = Nedrow; OC = Oatka Creek; OS = Oriskany and/or Schoharie Formation;
p,br = phosphate, brachiopods; P/E = Pragian and/or Emsian Stage; Sen = Seneca; Ti-B = Tioga
B, and altered airfall volcanic tephra/K-bentonite. Paleontology abbreviations: AT = trilobites,
BR = brachiopods, CR = Corals, EC = crinoids, MB = bivalves, MG = gastropods, OTH = other.
b) TOC and redox proxy data in Greene County core (PA) from Lash and Blood (2014).
Abbreviations: Crk = Creek; Pur = Purcell Member. Depths are in meters in both cores.
Fig. 3. Diagenesis evaluation using a) I/Ca vs Mn/Sr and b) I/Ca vs Mg/Ca cross-plots; c) I/Ca
and Al concentration relation in carbonate fractions showing the influence from detrital input; d)
I/Ca and carbonate mineral content relation showing the influence of lithological change, Ononx

US and HC-EB mark two intervals where the carbonate content shows large variations.
Abbreviations: Onon-US = Onondaga to Union Springs Formation boundary (354-359 m), USOC = Union Springs to Oatka Creek Formation boundary (344-348 m), other data = other core
samples measured in this study.
Fig. 4. Correlation between I/Ca and TOC for Morton Salt core samples. Onon-US and Bak-HC
mark two intervals where TOC shows large variations. Linear regression includes samples across
the whole core. Abbreviations: Onon-US and other data are same as Fig. 3. Bak-HC = Bakoven
to Hurley and Cherry Valley Members boundary (346-350 m).
Fig. 5. Secular trend of I/Ca shows marine oxygenation condition coinciding with land-plant
evolution.. I/Ca values are from Lu et al. (2018) and red dots mark samples discussed in this
study. Paleozoic vascular land plants phylogeny and maximum axis diameter are modified from
Meyer-Berthaud et al. (2010).
Figures for Chapter 2
Fig. 1 Paleogeographic maps of Laurussia during the Devonian. Maps are based on Blakey
(2018). Dashed white lines represent the paleo-equator. GB represents the location of Great
Basin composite section. IB represent the location of Illinois State Geological Survey White
County Core of Illinois Basin. AB represent the location of the Middle Devonian core from the
Appalachian Basin (He et al., 2020b).
Fig. 2 Thin section photographs of the main four lithologic groups identified in the composite
Great Basin section of Nevada. Photos were taken under plane-polarized light. The colored solid
circles are consistent with the colors shown in Figures 3, 4, 5, and 6. From a) to d) lithologic
xi

transitions are from coarse grained to fine grained and depositional environments transition from
upper shoreface to offshore environments.
Fig. 3 Geochemical measurements of the Great Basin composite section: a) carbonate lithologyspecific I/Ca ratio, b) LOWESS smoothing trends of each of the 4 lithologic facies, c) bulk
carbonate carbon isotopes, d) Mn/Sr ratios. Colors of dots in a) and lines in b) are consistent with
lithologic groups in Figure 2 and the black dots represent samples that are not identified with a
specific lithologic group. The thicker gray lines in a) and b) show the LOWESS smoothing
results of all the samples. Abbreviations: GRST = grainstone, PK = packstone, WK =
wackestone, MDST = mudstone, SL = sea level. Blue lines in a) represent intervals that may
record potential diagenetic alteration.
Fig. 4 I/Ca ratios of the Great Basin section and compiled Devonian environmental and biotic
parameters. a) Stratigraphic trends of I/Ca are subdivided into four intervals; the straight gray
lines represent averages of I/Ca within each interval, and the gray boxes show the ranges of one
standard deviation. b-c) Numbers of conodont biozones, hypoxic/anoxic-related bioevents,
carbon isotope excursions, global sea level changes within Devonian time bins of 5 Myr
durations. Data are modified from Tables. 2 and 4 of Brett et al. (2020) and we used the
subdivided zonation for conodont zones here. d) Global records of oxygen isotopes of conodont
apatite (Joachimski et al., 2009). The gray curve in d) represents locfit regression of Joachimski
et al. (2009). The gray dashed lines correlate the Great Basin stage boundaries to the compiled
datasets stage boundaries. The yellow boxes highlight the intervals of highest volatility identified
by Brett et al. (2020).
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Fig. 5 Geochemical measurements from the Illinois Basin core. a) Carbonate lithology-specific
I/Ca ratios, b) Mn/Sr ratios, c) Al concentration, d) Ti concentration, e) Y/Ho ratios. The gray
curves show the results of LOWESS smoothing. The black dashed line in e) shows Y/Ho = 36,
values higher than 36 indicate primary marine REEs signals (e.g., Ling et al. (2013)). All the
results were measured from the carbonate fraction. The Pragian-Emsian portion is rich in quartz
sands (blue vertical line). Samples of a) and samples of b-e) are from the same core but not
measured from same depth. The colors of lithologic groups are same as the Great Basin section
(Fig. 2), except brown starts in Pragian of b-e) represent quartz sandstone with calcite cements.
Fig. 6 I/Ca comparisons among the three basins: a) Great Basin, b) Illinois Basin, c) Appalachian
Basin (He et al., 2020b). Gray shading identifies the Eifelian interval overlapping between all
three basins for comparison.
Figures for Chapter 3
Fig. 1. a) Paleogeographic reconstruction of the late Neoproterozoic South China Block and
localities of studied cap carbonate sections; b) Late Neoproterozoic transect across the South
China Basin. Figures are all simplified from Jiang et al. (2011).
Fig. 2. I/(Ca+Mg), Mg/Ca and δ13Ccarb profiles of a) Jiulongwan section, b) Zhongling section,
c) Siduping section and d) Yuanjia section. δ13Ccarb data of Jiulongwan section are published in
Wang et al. (2008) and δ13Ccarb data for Zhongling, Siduping and Yuanjia sections are
published in Jiang et al. (2010). Solid circles show samples with I/(Ca+Mg) measured by this
study. Open circles in a) show some extremely negative δ13Ccarb values measured from calcite
cements in fractures and sheet cracks by Wang et al. (2008). Seven I/(Ca+Mg) and Mg/Ca data
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points of the Siduping section are averages of our measured results and published data from
Hardisty et al. (2017), since they were sampled from the same stratigraphic section and height.
Fig. 3. I/(Ca+Mg) and δ13Ccarb cross plot. Red dots, with extremely low δ13Ccarb, all show
I/(Ca+Mg) below detection limit. Blue dots are samples from the upper slope Siduping section,
and they may have been relatively heavily altered by fluid-buffered diagenesis. Gray dots are
samples from the other three sections.
Fig. 4. Box plots showing I/(Ca+Mg) and Mg/Ca ratio distributions of four studied sections of
the Doushantuo cap carbonates in South China. The slope section of Siduping has the lowest
I/(Ca+Mg) values and highest Mg/Ca ratios. The whiskers represent the minimum and maximum
of data.
Fig. 5. The temporal I/(Ca+Mg) trend and a) δ44Ca, 87Sr/86Sr, Smn/Ybn, Y/Ho and b)
δ13Ccarb, trace element concentrations, Ce anomalies, Mn/Fe ratios. Black straight lines are
averages of data within the time interval and gray boxes show standard deviations of each
interval. Gray dashed line in Ce anomaly panel represents Ce/Ce* = 1.0 and orange dashed line
represents Ce/Ce* = 1.3. The black arrow in the panel of δ13C shows the approximate height
where negative δ13C down to −45 ‰ were reported by Wang et al. (2008) in Jiulongwan
section.
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Chapter 1. Paleo-redox context of the Mid-Devonian Appalachian
Basin and its relevance to biocrises
Abstract
The Devonian Period witnessed the expansion of vascular land plants and an atmospheric
oxygenation event associated with enhanced organic mass burial. The deposition of organic-rich
shales (e.g. black shales of the Marcellus subgroup) and several biotic crises in the marine realm
have been linked to Devonian ocean anoxia. However, it is not clear how redox conditions
evolved in different parts of the water column in such a context of dynamic changes in the
atmosphere-ocean system. To address this problem, we use the bulk carbonate I/Ca proxy on
core samples from Yates County, NY, in order to reconstruct the water column redox history
through the Onondaga Limestone into the lower Marcellus shale. On the secular scale, the range
of I/Ca values support the notion of a Devonian rise in atmospheric oxygen, relative to time
intervals earlier in the Paleozoic. In terms of Eifelian Stage stratigraphic trends, I/Ca ratios are
generally stable and high in the Onondaga Formation but show large fluctuations in lower
Marcellus strata. Low I/Ca ratios are found near the onset of organic-rich shale deposition
indicating relatively reducing subsurface waters. The pattern of redox changes resembles that of
contemporaneous sea-level changes. Finally, the reconstructed oxygenation changes are
correlated to three biotic transitions in Devonian marine systems.
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Introduction
The Devonian Earth system and Appalachian Basin
The Earth system went through important changes during the Devonian Period. The
diversification of vascular land plants during the Mid to Late Devonian and the development of
larger and deep root and seed systems significantly altered weathering and sedimentary
processes, the hydrologic cycle, and global climate (Gensel and Andrews, 1984, 1987; Algeo and
Scheckler, 1998; Meyer-Berthaud et al., 1999; Stein et al., 2007). Enhanced preservation and
burial of biomass decreased the sink of atmospheric oxygen (Kump, 1988; Lenton et al., 2016).
The updated GEOCARBSULF model and compilation of inertinite abundance in coal all suggest
a rise in atmospheric oxygen pO2 during Mid Devonian time (Glasspool and Scott, 2010; Krause
et al., 2018). A statistical analysis of iron speciation and biotic data (Sperling et al., 2015)
suggests that pO2 might have risen to modern levels during the Devonian. This pO2 rise is also
supported by Mo isotope, I/Ca and Ce anomaly signals recorded in Silurian to Devonian strata
(Dahl et al., 2010; Wallace et al., 2017; Lu et al., 2018).
A range of relatively moderate biocrises to well-known extinctions also occurred in
Devonian marine ecosystems. At the Frasnian-Famennian stage boundary (372 Ma; Becker et al.,
2012), up to 80% of marine species were impacted by a major biotic crisis, namely the
Kellwasser event (Hallam and Wignall, 1997). The Hangenberg events, which occurred at the
Devonian-Carboniferous boundary (359 Ma), witnessed losses of over 50% vertebrate diversity
and is recognized as a “bottleneck” in vertebrate evolution (Sallan and Coates, 2010). The
Eifelian-Givetian Kačák biotic event is recorded globally and associated with sea level rise,
deposition of anoxic black shales or limestones, and pelagic faunal turnovers (House, 1996;
2

DeSantis et al., 2007). In the eastern U.S. pre- Kačák turnovers, such as the Bakoven and Stony
Hollow events, are recorded as well (DeSantis and Brett, 2011) and oceanic anoxia is also linked
to these biotic events in association with climate changes (Koch and Boucot, 1982; Algeo and
Scheckler, 1998; McGhee et al., 2013; White et al., 2018).
A thick succession of Devonian-age mudrocks in the northern Appalachian Basin, eastern
North America, comprises a highly detailed stratigraphic sequence (Baird and Brett, 1986;
Griffing and Ver Straeten, 1991; Brett and Baird, 1994; Ver Straeten et al., 1994; Murphy et al.,
2000; Werne et al., 2002; Sageman et al., 2003; Ver Straeten, 2007; Brett et al., 2011; Ver
Straeten et al., 2011a; Ver Straeten et al., 2011b). It provides an ideal case study region for
investigating depositional processes and organic carbon preservation in black shales within a
detailed litho- and chronostratigraphic framework, with superb paleontological records, and a
growing dataset of geochemical proxies (Arthur and Sageman, 2005; Brett et al., 2011; Ver
Straeten et al., 2011b). The dominant controls on the deposition of black shales in Devonian
Appalachian Basin have been attributed to rising global sea-level with tectonic contributions
(Ver Straeten et al., 1994; Werne et al., 2002; Sageman et al., 2003; Arthur and Sageman, 2005;
Brett et al., 2011; Kohl et al., 2014).
The estimates of bottom water redox state were formulated on the basis of various
proxies, such as the concentrations and elemental ratios of redox sensitive elements (Mo and U),
the degree of pyritization, δ34S of syngenetic pyrite, Mo isotopes, and pyrite framboid size
distributions (Murphy et al., 2000; Werne et al., 2002; Sageman et al., 2003; Algeo, 2004;
Rimmer, 2004; Gordon et al., 2009; Ver Straeten et al., 2011b; Lash and Blood, 2014; Blood and
Lash, 2015; Chen and Sharma, 2016). A recent study using a high-resolution chemostratigraphic
3

analysis indicates a close relationship between the microbial sulfate reduction in organic rich
layers and the formation of pyrite due to the diffusive flux of H2S (Liu et al., 2019). The
discovery of agglutinated benthic foraminifera in these sequences provides evidence that anoxia
was not persistent and that there was at least episodic oxygenation (Schieber, 2009). Fespeciation data consistent with oxic conditions (Boyer et al., 2011), large pyrite framboids
(diameter >10 μm) (Blood and Lash, 2015), and low Fe/Al ratios <0.55 close to modern oxic
sediments (Lash, 2016), are also consistent with episodic benthic oxygenation during deposition
of the Marcellus strata.
In the context of this complex history of global/regional paleo-redox, this paper aims to
provide new insights into the upper water redox conditions through Onondaga to lower
Marcellus strata by I/Ca. We employ the following redox terms and their corresponding oxygen
levels: oxic (> 2 ml O2/L), dysoxic (~0.2-2 ml O2/L), suboxic (0-0.2 ml O2/L), anoxic (no O2, no
H2S), and euxinic/sulfidic (no O2, with free H2S present) (Hofmann et al., 2011).
Iodine paleo-redox proxy
Iodine has a low average concentration of only ~300 ppb in Earth’s crust, and ~70% of
the global iodine inventory is thought to exist in marine sediments (Muramatsu and Wedepohl,
1998). The average iodine concentration in seawater is nearly constant at ~0.46 μmol/L
(Elderfield and Truesdale, 1980). Iodine is an important trace element in biogeochemical and
redox reactions (Küpper et al., 2011). The concentrations of iodate (IO3-) and iodide (I-), two
thermodynamically stable inorganic species in seawater, are thought to be controlled by primary
productivity in the surface ocean (Elderfield and Truesdale, 1980; Chance et al., 2010) and by
redox conditions in the water column (Wong and Brewer, 1977; Farrenkopf and Luther III,
4

2002). Iodate is the main iodine species in well-oxygenated waters (Truesdale and Bailey, 2000),
while iodide dominates at depth in anoxic basins (Wong and Brewer, 1977) and in anoxic
porewaters (Kennedy and Elderfield, 1987a, b).
Iodate, not iodide, is the only species incorporated into carbonates (Lu et al., 2010) by
potential substitution of IO3- for CO32- (Podder et al., 2017). I/Ca ratios in bulk carbonate have
been used as a novel proxy to constrain redox conditions in the upper part of water columns over
a range of time scales (e.g. Lu et al., 2010; Hardisty et al., 2014; Zhou et al., 2015; Lu et al.,
2016). A decrease in bulk carbonate I/Ca commonly represents development of O2-depleted
conditions in upper waters, as iodate is converted to iodide. Other factors may partially
contribute to changes in I/Ca, such as the upwelling of iodide-rich anoxic waters, iodate loss
from mixed-layer waters in high-productivity areas, diagenetic alteration, and mixing with
authigenic carbonates (e.g. Zhou et al., 2015). I/Ca ratios of carbonate rocks represent a
minimum value at the time of deposition – as understood so far, diagenetic processes can only
decrease the original ratio (Hardisty et al., 2017). Recently, this proxy has been applied in
studying redox conditions during the Paleozoic (e.g. Edwards et al., 2018; Young et al., 2019). A
threshold value of I/Ca (2.5 μmol/mol) was proposed by Lu et al. (2016) to indicate the presence
of O2-depleted condition in the upper water. However, this threshold value is based on Holocene
planktonic foraminifera. Whether it can be used in ancient bulk carbonates remains an open
question.

5

Geological background and sampling
Study site and stratigraphy
Devonian mudrocks in New York State are part of the Catskill Delta Complex. The
development of this sedimentary package was closely related to the Acadian Orogeny, during
which the collision of multiple terranes led to the uplift a mountain belt from east Greenland to
Alabama, termed the Acadian orogen (Rast and Skehan, 1993; van Staal et al., 2007; van Staal et
al., 2009). Paleogeographic reconstruction of North America in the Mid Devonian shows that the
Appalachian Basin was a retroarc foreland basin system/epicontinental sea, and was connected to
the global open ocean (Rheic Ocean) (Blakey, 2016 and Fig. 1). Water depth at the time of
deposition of the black shales was probably tens of meters to two hundred meters maximum,
shallowing in the Late Devonian onto arches separating the Appalachian Basin from cratonic
basins (Schieber, 1994).
We obtained core samples from a 28 m thick interval of a 5 cm diameter core (Morton
Salt Core, API # 31-123-13174-00-00), in the collections of the New York State Museum. The
drilled well is located in the town of Starkey, Yates County, western New York State
(42.571507°N, 76.934513°W). The strata analyzed in this study comprise lower Middle
Devonian rocks of the Eifelian Stage and basal-most Givetian Stage. The classic Onondaga
Formation consists of a range of limestone lithologies from grainstone to carbonate mudstone,
with minor amounts of chert and shale. In contrast, overlying Marcellus strata in central New
York consist primarily of black to dark gray shales. Lower to middle Marcellus strata in the area
also feature lesser amounts of limestone, occurring as well-defined beds, laminae of pelagic or
6

low-oxygen adapted benthic shells, and concretions. Upper Marcellus strata are generally very
poor in carbonate content.
Since the 1930s (Cooper, 1930) Marcellus strata in New York have been defined as a
chronostratigraphic unit, bounded by time-significant surfaces. In New York the term Marcellus
includes all marine strata in the state underlain by the Onondaga Formation and overlain by the
Skaneateles Formation, including basinal dark/black shales to shoreface sandstones. Associated
with a thickness approaching >580 meters in eastern New York, Ver Straeten et al. (1994) and
Ver Straeten and Brett (2006) redefined Marcellus Formation of Cooper (1930) as a subgroup of
Hamilton Group in New York, and elevated the Union Springs and Oatka Creek members to
lower and upper formations within the Marcellus subgroup. Oatka Creek-age strata in eastern
New York’s thick, basinal to shoreface facies are assigned to a Mount Marion Formation. The
term Cherry Valley is applied here to strata specifically assigned to that name in New York,
which is only correlative with the upper part of the Purcell Member in the central to southern
Appalachian Basin.
Stratigraphy of the Morton Salt Core of this study, low to high, comprise the Onondaga
Formation (Edgecliff, Nedrow, Moorehouse and Seneca Members), the Union Springs
Formation (Bakoven Member) and the lower part of the Oatka Creek Formation (Hurley, Cherry
Valley and most of the overlying East Berne Member). The top of the study interval falls at the
base of a key marker bed, termed the Dave Elliott Bed (Ver Straeten, 1994). Core samples in this
study were obtained from all but a basal phosphatic, sand-rich 0.25 m of the 16.25 m thick
Onondaga Limestone, and from overlying 12.35 m of lower Marcellus strata. The Marcellus
strata of this study consist of 1) black shales, often calcareous, with thin dacryoconarid shelly
7

limestone laminae and concretionary limestones assigned to the 9.7 m thick Union Springs
Formation (Bakoven Member), and 2) lowermost strata of the Oatka Creek Formation, consisting
of 1.15 m of bedded limestones of the Hurley and Cherry Valley Members and ~1.5 m of shales
of the East Berne Member. The Eifelian-Givetian stage boundary falls within the East Berne
Member in the core.
Carbonate materials
Union Springs Formation carbonates largely consist of thin limestones of micrite and
shelly material of small conical dacryoconarid/styliolinid shells, with varying concentrations of
thin-shelled brachiopods, bivalves and ostracodes. In central New York, in the study core and
three additional sites, Arroyave (2014) described five macro-lithofacies (MLs) in the Union
Springs Formation. While ML facies 1-5 predominantly occur low to high through the formation,
respectively, the three middle facies interfinger in intervals. Limestone is more prevalent in
ML1, ML4 and ML5 facies of Arroyave (2014). Carbonate in ML1, at the bottom of the
formation, largely consists of matrix cement and recrystallized microspar mud, and silt-size
calcareous sediments (Fig. S1a). ML4 carbonates consist of generally thin-bedded fossiliferous
limestones that occur scattered through relatively organic-rich siliciclastic shales (Fig. S1b).
ML5 carbonates, found in the upper part of the Union Springs in the core and nearby sites, occur
as largely concretions which sometimes coalesce to form lenses to continuous knobby beds of
limestone. These are less fossilifereous, and are interbedded with silty siliciclastic mudstones
(Fig. S1c).
In contrast, Onondaga Formation limestones are largely bioclastic in character. Coarser
grainstones to packstones occur in eastern and western New York, where finer grained facies
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occur in the upper lower and upper parts of the formation. In the study area of central New York,
Onondaga Limestones are overall finer grained, with only minor siliciclastic mudstones in the
lower middle part of the unit. Central New York Onondaga strata were deposited in a central
trough that extends southward into the deeper central Appalachian Basin. Petrographic studies by
Lindholm (1967 and 1969) showed that finest-grained Onondaga carbonates largely consist of
silt-size calcareous sediments (“calcisiltite”), and not micrite, in contrast with Union Springs
limestones. Union Springs carbonates that are most analogous to fine-grained Onondaga
limestones are represented by ML1 facies of Arroyave (2014), in the base of the Union Springs
(Fig. S1a). Furthermore, dacryoconarid shells were found throughout the Onondaga limestones
(Frappier et al., 2015)

Methods
Bulk carbonate I/Ca
A total of 92 rock samples were collected at 10-70 cm intervals. Most of the carbonate in
shaly samples are fine grain materials. Rock chips containing any visible nodules or fossils were
avoided for generating powders. 2-4 mg of powered samples were weighed out on a microgram
balance, and then rinsed with MilliQ water to remove any potential dissolved iodine attached on
the surface of the samples. Carbonate fractions in the samples were dissolved with 3% (v/v)
HNO3 and separated from residuals immediately after samples stop bubbling. This sample
dissolution procedure only exposes non-carbonate phases to diluted acid for < 5 minutes. 0.5%
tertiary amine was added to help stabilize iodate. Measurements of iodine were performed on a
quadrupole inductively coupled plasma-mass spectrometer (ICP-MS, Bruker M90) at Syracuse
University. The precisions are typically better than 1% for 127I, and they are not reported
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individually for each sample. The detection limit of I/Ca is usually better than 0.1 μmol/mol. The
long-term accuracy is guaranteed by frequently repeated measurements of the standard reference
material JCp-1 (Lu et al., 2010).
TOC and δ13C analyses
Stable isotope analyses for δ13Corg were performed using an Elementar Isotope Cube
elemental analyzer coupled to an Isoprime 100 stable isotope mass spectrometer. Decarbonated
samples were weighed and sealed in tin boats for isotopic analysis and combusted at 1100oC
(oxidation furnace) and 650oC (reduction furnace). Reference gases were calibrated relative to
international reference standards IAEA-C6 sucrose (-10.80‰) and NIST-1547 peach leaves (26.0‰). Standard reproducibility was better than ±0.1‰ and reported as ±0.1‰ to reflect
reported precision from known isotopic values of reference materials. Calibration of samples to
reference data was performed using the two-point calibration method described in Coplen et al.
(2006). The EA peak area response factors were determined using replicates of NIST-1547 peach
leaves (47.79 wt. % C and 2.98 wt. % N) distributed throughout sample analysis runs and
bracketing the quantity of C and N in the samples. Reproducibility of the N and C content of
NIST-1547 peach leaves is 0.5% (relative error) and +/- 0.1 wt. % (1). C/N values are reported
as atomic ratios.

Results
Bulk carbonate I/Ca
I/Ca shows relatively stable background values (~2-4 μmol/mol) for most of the
Onondaga Limestone (Fig. 2a). However, passing from the Onondaga Limestone to lower
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Marcellus strata, I/Ca starts to fluctuate from underlying background values (~2-4 μmol/mol) to
a wider range of values (0.86-7.57 μmol/mol). From the lower to middle part of the Union
Springs Formation, I/Ca decreases from >7 μmol/mol to <1 μmol/mol. I/Ca ratios rise to ~8
μmol/mol towards upper part of the Union Springs, except for one very low value most likely
representing concretionary carbonate. I/Ca decreases to <2 μmol/mol within the Hurley and
Cherry Valley Members of the Oatka Creek Formation. Then, I/Ca ratios increase again in the
East Berne Member to values as high as 7.22 μmol/mol.
TOC and carbon isotopes
The Onondaga Formation contains mostly limestone, with carbonate content in most
samples exceeding 60% and TOC content in the range of 0.67% to 4.56% (Fig. 2a). δ13Corg
values in the Onondaga Formation start at -27.2‰, and show a gradual decrease to -28.8‰ and
remain relatively constant through the upper ~3.5 m to the base of the Union Springs Formation.
TOC content shows a sharp increase from the base of the Union Springs Formation to around 713% throughout most of the formation, whereas δ13Corg shows a rapid decrease to -29.3‰ and
maintains a constant value of ~-29‰ (Fig. 2a). The Hurley and Cherry Valley Members of the
Oatka Creek Formation show a rapid drop in TOC content from 7.47% to 0.88%, and δ13Corg of
these members exhibit a sharp increase to -27.50‰. Then, within the East Berne Member, TOC
values remain below <5%, and δ13Corg is in the range of -28.03‰ to -27.30‰.
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Discussion
Preservation of redox signals
The Devonian carbonates in the Appalachian Basin, especially in the organic-rich
Marcellus strata, may be influenced by diagenetic alteration (Sageman et al., 2003; Lash and
Blood, 2014; Chen and Sharma, 2016). We do not argue that our carbonate I/Ca record is exempt
from the effects of diagenesis. However, since authigenic/diagenetic carbonate precipitation
occurs in anoxic porewaters where iodide is the dominant iodine species and iodide does not get
incorporated into carbonate structure, addition of diagenetic carbonate and recrystallization of
primary carbonate can only lower bulk carbonate I/Ca signals (Hardisty et al., 2017). No
diagenetic mechanisms considered thus far are able to artificially increase I/Ca values. In
addition, I/Ca values show no correlation with Mn/Sr and Mg/Ca ratios, although higher I/Ca
values are more frequently found in samples with relatively lower Mn/Sr (Fig. 3). Comparing the
average I/Ca in the relatively organic-lean Onondaga Limestone and organic-rich Union Springs
and Oatka Creek formations, I/Ca is not significantly lower in the organic-rich intervals where
precipitation of authigenic carbonate is more likely to occur (Fig. 2a). Therefore, it is not obvious
that the I/Ca trend is universally biased by the presence of diagenetic carbonates in the high TOC
intervals. Without diagenesis, the primary I/Ca values in some of the shaly samples theoretically
could be even higher.
The middle-upper Union Springs Formation is known to contain concretionary
carbonates of diagenetic origin. We avoided concretions during sampling but the lowest I/Ca
value of this study indeed was found in that interval (Fig. 2a). Furthermore, clay, igneous rocks
and terrestrial sediments commonly have very low iodine concentration (Muramatsu and
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Wedepohl, 1998; Fehn, 2012; Lu et al., 2015). For example, bulk rock iodine content in a clay
formation is demonstrated to be dominated by carbonate minerals (Claret et al., 2010). We found
no covariation between I/Ca values and Al content (Fig. 3c), which is an indicator for silicate
contamination. Thus, detrital materials are unlikely to contaminate marine carbonate I/Ca signal.
Best examples of lithology changes are near the formation boundaries (Onondaga to Union
Springs Formation and Union Springs to Oatka Creek Formation), where carbonate content
dropped sharply (Fig. 2a). There is no systematic or consistent correlation between I/Ca and the
gradient of carbonate content across these two lithological boundaries (Fig. 3d). I/Ca also does
not correlate with carbonate content for the study formation as a whole (Fig. 3d). This indicates
influence of lithology on the I/Ca record is weak, if any.
Organically-bound iodine theoretically can contaminate carbonate associated I/Ca
signals. Our sample dissolution and solution preparation methods were used in many previous
studies and no sign of contamination by organic matter was observed. For example, relatively
low I/Ca values were more frequently found in high-TOC and low-carbonate rocks, compared to
relatively high I/Ca in organic-lean and pure carbonate rocks (e.g. Zhou et al., 2015). In this
study, we can’t isolate any correlation convincingly indicate that organic matter has major
influence on this I/Ca record, after examining samples from intervals with large TOC variations
(1%-13% at boundaries of Onondaga to Union Springs Formation and Bakoven to Hurley and
Cherry Valley Members) (Fig. 4). It should be noted that different analytical methods are
developed for extracting carbonate associated iodine signal (I/Ca) and organically-bound iodine
signal (I/TOC) in previous studies about OAEs, the interpretations and rationales for these two
proxies are very different (Zhou et al., 2015; Zhou et al., 2017).
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Comparison to secular records in a global context
The I/Ca compilation throughout Earth’s history shows low background values (0.5-1
mol/mol) from the Proterozoic Eon into the Paleozoic Era (Lu et al., 2018). High I/Ca values
above this generally low background are often found in time intervals with increases in
atmospheric pO2 suggested by other proxies and models (Hardisty et al., 2014; Lu et al., 2017;
Wei et al., 2019). The majority of I/Ca values from Middle Devonian strata of this study are
above 2 mol/mol (Fig. 5), within the range of I/Ca in Mesozoic and Cenozoic carbonates (Lu et
al., 2018). This contrasts with the low I/Ca baseline in the sections surveyed from the Proterozoic
and during Paleozoic extinction events (Edwards et al., 2018; Young et al., 2019). There is no
proxy development for the absolute values of I/Ca in long-term records to quantitatively and
reliably indicate specific pO2 values, since the I/Ca proxy is highly dependent on local
oceanographic conditions. Independent marine redox proxies (e.g. Fe speciation, Ce anomaly
and δ98Mo), and atmospheric pO2 trends from several box model studies are converging towards
the scenario of an oxygen increase in the atmosphere-ocean system during the Devonian, likely
related to the expansion of land plants (Dahl et al., 2010; Sperling et al., 2015; Lenton et al.,
2016; Wallace et al., 2017; Krause et al., 2018). As summarized in Meyer-Berthaud et al. (2010),
paleobotany studies support a diversification of vascular land plants from the Early Devonian
(Fig. 5). Plant maximum axis diameters, related to the height of a self-supporting tree, also show
in increase through the Mid to Late Devonian (Fig. 5). Therefore, based on this whole set of
proxy data and models, Onondaga to lower Marcellus strata were deposited during a time period
featuring overall well-oxygenated atmosphere and at least some parts of global oceans.
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This scenario is potentially supported by Ce anomaly measured from Morton Salt Core,
since (Fig. S2-S5) these values fits reasonably well into the secular record of decreasing Ce
anomaly reported by Wallace et al. (2017), in terms of timing and absolute values. These
carbonate Ce anomaly values may not represent ambient seawaters during the deposition of our
sample materials, but the primary seawater Ce signal are more likely to indicate more oxic
environment (see more discussions in the supplementary materials). No evidence suggests that
the I/Ca pulse in the Devonian sections are due to exceptionally better preservation comparing to
other Paleozoic sections (Lu et al., 2018), but future studies are required to explain detailed
mechanisms for how atmospheric and oceanic conditions might have driven these long-term
trends in I/Ca.
Regional-scale redox changes
The stratigraphic I/Ca trends in our NY core are in general agreement with trace metal
data from another core from Greene County, Pennsylvania (PA) (Lash and Blood, 2014),
approximatley 400 kilometers southwest of the Morton Salt Core of this study (Fig. 1). They
broadly show two stages of redox change: relatively stable redox conditions during the
deposition of the Onondaga Formation and redox fluctuation from the uppermost Onondaga
Formation into overlying Marcellus strata (Fig. 2). These basin scale redox changes are likely
associated with relative sea-level oscillations (Brett and Baird, 1996; Ver Straeten, 2007; Brett et
al., 2011), which impacted the accumulation of organic matter and faunal turnover. Some high
I/Ca ratios are found in relatively organic-rich intervals. We speculate that iodide accumulated in
anoxic water might have been oxidized due to rising pO2 and recorded as the high I/Ca. The
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exact ocean-atmospheric dynamics for such a scenario will be an interesting topic for future
studies.
Background I/Ca ratios throughout the Onondaga Formation are in the range of 2-4
μmol/mol (Fig. 2a), comparable to the background ratios of Mesozoic and Cenozoic strata in
well-oxygenated settings (Lu et al., 2010; Zhou et al., 2015; Lu et al., 2018). This suggests a
stable and well-oxygenated upper water column in this part of the Appalachian Basin during the
early Eifelian Stage, as expected from fossil abundance of the Onondaga Limestone. The Greene
County core shows relatively high Th/U, low Fe/Al, and low Mo and U concentrations in this
interval, consistent with I/Ca results (Fig. 2b). Higher Th/U ratios suggest relatively oxic bottom
water conditions since reducing conditions favor U fixation and Th is generally immobile in oxic
environments (Wignall and Myers, 1988; Wignall and Twitchett, 1996). Elevated Fe/Al ratios
are indicative of reducing bottom water conditions because of the accumulation of Fe during the
precipitation of Fe sulfide minerals (e.g. pyrite) that is favored under euxinic conditions
(Canfield et al., 1996; Lyons and Severmann, 2006; Algeo and Maynard, 2008). Anoxic/euxinic
benthic conditions result in strongly enriched Mo and U owing to their removal from seawater
and precipitation as insoluble forms in sediments (MoO4-xSx2- for Mo; UO2, U2O7 and U3O8 for
U) (Zheng et al., 2000; Algeo and Maynard, 2008; Algeo and Tribovillard, 2009; Algeo and
Rowe, 2012).
In the lower part of the Union Springs Formation, I/Ca ratios show transient increases to
nearly 8 μmol/mol. These shifts are followed by decreases of I/Ca ratios to slightly below 2
μmol/mol, indicating deoxygenation in subsurface waters close to the onset of black shale
deposition (Fig. 2a). These redox changes in the upper water column, inferred from I/Ca trends
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in the NY core, are generally consistent with the trends in bottom water conditions based on
trace metal concentrations in the Greene County core (Fig. 2b). This redox evolution appears to
correlate with sea level changes: deoxygenation during overall transgression and re-oxygenation
during overall regression (Fig. 2a) (Brett and Baird, 1996; Brett et al., 2011; Ver Straeten et al.,
2011b).
The organic matter geochemistry lends further support for a transition from relatively
well-oxygenated to more poorly ventilated conditions. Coincident with increasing organic matter
content, C/N ratios increase and 13C decreases (Fig. 2a). Assuming a primarily marine source
for organic matter, increases in C/N ratios are broadly attributed to more a reducing water
column and benthic zone (Meyers and Bernasconi, 2005; Junium and Arthur, 2007). Sources of
high C/N organic matter from the incipient terrestrial biosphere was possible, but the organic
matter found in Appalachian Basin black shales is of predominantly marine origin (e.g. Jaminski
et al., 1998; Kelly et al., 2019). The decrease in 13C with increasing TOC is a hallmark of
Appalachian Basin black shales (Sageman et al., 2003; Lash, 2017; Uveges et al., 2018). The
specific mechanism of the 13C-depletion is debated but the most likely mechanisms, methane
oxidation (Lash, 2017), sources of 13C-depleted DIC from a shallowed chemocline or significant
contributions of anaerobe biomass (e.g. Uveges et al., 2018) all rely upon at least episodically
reducing water column conditions.
Local faunal turnovers
We further compare the reconstructed redox history to evidence of faunal turnovers in the
Eifelian-Givetian Appalachian Basin. Water column redox changes correlate with at least three
well-resolved faunal shifts, which are recorded in coeval formations in adjacent areas of Eastern
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North America and to some degree globally (DeSantis et al., 2007; DeSantis and Brett, 2011).
The Bakoven and Stony Hollow faunal turnovers occurred following the shift from the
Onondaga Limestone to the overlying Union Springs Formation. The Bakoven Event in the
Bakoven Member of the Union Springs marks a loss of 80% of the Onondaga fauna. Of the
diverse Onondaga fauna (276 species), only 5 species (1.8%) carried over into the lower Union
Springs Bakoven fauna (32 species) (DeSantis, 2010 and Fig. 2a). Reducing bottom water
conditions during sea level rise might have contributed to this rapid decrease of benthic diversity
in the lower part of the Union Springs Formation (Fig. 2).
Following the Bakoven event, the Stony Hollow Event marks an influx of taxa migrating
chiefly from paleoequatorial waters in western Canada, including benthic fauna of brachiopods,
bivalves, Straparollus gastropods and auloporid corals (DeSantis et al., 2007; DeSantis and
Brett, 2011). In the Appalachian Basin it is best developed in eastern New York, where midMarcellus strata represent relatively intermediate depth biofacies, in the Stony Hollow, Hurley
and Cherry Valley Members. The Stony Hollow Member, in the upper part of the Union Springs
Formation, laterally shifts to dark gray to black shales of the Bakoven Member in eastern New
York (Griffing and Ver Straeten, 1991). However, across central to western New York, the
Hurley and Cherry Valley Members still retain elements of the Stony Hollow fauna (50 species
in total, Fig. 2a) with a greater percentage of pelagic fauna relative to a more limited benthic
fauna (DeSantis, 2010). This westward decreasing trend of relative benthic assemblage diversity
corresponds to a relatively poorly oxygenated water column, most notably in the Cherry Valley
(Fig. 2a).
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Lastly, the East Berne shale in Oatka Creek strata is linked to the Late Eifelian global
biocrisis known as the Kačák Event, defined by total loss of the Stony Hollow fauna and abrupt
conodont turnovers (DeSantis et al., 2007; DeSantis and Brett, 2011). Hypoxic-anoxic conditions
were suggested for the Kačák Event, often based on the presence of black shale. Both I/Ca and
metal concentrations (Fig. 2) show slightly more improved oxygenation conditions from
basinward Hurley-Cherry Valley strata upwards into the East Berne. The Kačák Event in this
region is apparently represented by the migration of the classic Hamilton Group fauna into the
Appalachian Basin in the oldest well oxygenated facies within the lower 1/3 of the Oatka Creek
Formation and equivalent strata (Brett and Baird, 1995). These observations suggest that sealevel changes and climate conditions might have played important roles in these biotic turnovers
(House, 2002; DeSantis et al., 2007; Brett et al., 2009; DeSantis and Brett, 2011).
Reconciling pO2 rise and marine anoxia
A broader and important question for the paleo-redox community is how to reconcile a
growing body of evidence for atmospheric pO2 rise and the traditional view of frequent anoxia in
global oceans during the Devonian. On one hand, the timing of pO2 change needs to be more
precisely pinned down for comparison with the occurrences of marine black shale and faunal
turnovers, which will then reveal whether the rise of atmospheric pO2 was coeval with
widespread ocean anoxia. On the other hand, estimates on the spatial extent of Devonian ocean
anoxia also need to be improved, since new proxies (e.g. U isotope) start to indicate a
surprisingly low percentage of global anoxic seafloor during episodes of widespread black shale
deposition (Clarkson et al., 2018). It is also important to consider the vertical O2 gradient in the
water column. In this study, the Devonian global redox context (Fig. 5) and local proxy trends
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(Fig. 2) appear to indicate that organic-rich Devonian shales might have been formed with a
relatively well-oxygenated upper water column but anoxic bottom waters. Future studies
providing a more nuanced picture of spatial and temporal evolutions of Devonian redox
conditions may lead to new insights into how the Earth system responded to major changes in the
biosphere.

Conclusions
In the northern Appalachian Basin, I/Ca ratios recorded in the Onondaga Formation and
lower to middle Marcellus subgroup (Union Springs and lower part of the Oatka Creek
formations) are consistent with the rising atmospheric pO2, most likely due to the proliferation of
vascular plants during the Devonian Period. At a shorter timescale (Eifelian to lower Givetian
Stages), the I/Ca signal shifted from a persistently well-oxygenated conditions in the upper water
column in the Onondaga Formation to fluctuating redox in the lower Marcellus subgroup. I/Ca
ratios echo the variations in redox-sensitive metal data indicating anoxic bottom water conditions
during the onset of organic-rich shale deposition. These variations are broadly consistent with
regional fauna turnovers and sea-level changes. Our results also point to the need to further
disentangle the nuanced dynamics between changing atmosphere oxygen level, ocean redox
conditions and biotic responses.
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Figures

Fig. 1. Paleogeographic maps of North America and New York State in the Mid Devonian
Period. North America Map is based on Blakey (2016) and the New York State Map is based on
Dennison (1985), Werne et al. (2002), and Sageman et al. (2003). Red circle denotes location of
the core used in this study; yellow circle denotes the Greene County core in southwestern
Pennsylvania from Lash and Blood (2014) discussed in the text.
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Fig. 2. a) Chemostratigraphic profiles in the Morton Salt core from Yates County (NY) showing
TOC, carbonate content, C/Natomic, δ13Corg, I/Ca ratios, and biotic data. Grey boxes with R
indicate regression, and white boxes with T indicate transgression. Yellow boxes mark redox
fluctuations in the lower Marcellus subgroup. Biotic data are from DeSantis (2010). Stratigraphy
abbreviations (members is italics): Bak = Bakoven; EB = East Berne; Edg = Edgecliff; Fm =
Formation; H-C = Hurley and Cherry Valley Members; LoD = Lower Devonian; Mo =
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Moorehouse; Ned = Nedrow; OC = Oatka Creek; OS = Oriskany and/or Schoharie Formation;
p,br = phosphate, brachiopods; P/E = Pragian and/or Emsian Stage; Sen = Seneca; Ti-B = Tioga
B, and altered airfall volcanic tephra/K-bentonite. Paleontology abbreviations: AT = trilobites,
BR = brachiopods, CR = Corals, EC = crinoids, MB = bivalves, MG = gastropods, OTH = other.
b) TOC and redox proxy data in Greene County core (PA) from Lash and Blood (2014).
Abbreviations: Crk = Creek; Pur = Purcell Member. Depths are in meters in both cores.

Fig. 3. Diagenesis evaluation using a) I/Ca vs Mn/Sr and b) I/Ca vs Mg/Ca cross-plots; c) I/Ca
and Al concentration relation in carbonate fractions showing the influence from detrital input; d)
I/Ca and carbonate mineral content relation showing the influence of lithological change, OnonUS and HC-EB mark two intervals where the carbonate content shows large variations.
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Abbreviations: Onon-US = Onondaga to Union Springs Formation boundary (354-359 m), USOC = Union Springs to Oatka Creek Formation boundary (344-348 m), other data = other core
samples measured in this study.

Fig. 4. Correlation between I/Ca and TOC for Morton Salt core samples. Onon-US and Bak-HC
mark two intervals where TOC shows large variations. Linear regression includes samples across
the whole core. Abbreviations: Onon-US and other data are same as Fig. 3. Bak-HC = Bakoven
to Hurley and Cherry Valley Members boundary (346-350 m).
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Fig. 5. Secular trend of I/Ca shows marine oxygenation condition coinciding with land-plant
evolution.. I/Ca values are from Lu et al. (2018) and red dots mark samples discussed in this
study. Paleozoic vascular land plants phylogeny and maximum axis diameter are modified from
Meyer-Berthaud et al. (2010).
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Supplementary discussion
Cerium anomaly paleo-redox proxy and its implication for secular ocean redox changes
Rare earth elements are a group of elements with generally similar chemical behaviors,
however, oxidized Ce is removed from the marine system via scavenging by Mn oxides and
hydrous Fe oxides (Bau and Koschinsky, 2009). Therefore, the abundance of Ce relative to its
neighboring REEs can indicate oxidative sink of Ce. Compared to I/Ca as a proxy for
local/regional conditions, the Ce anomaly proxy reflects more of the global ocean condition
although it can be affected by local imprints. REEs have been shown to co-precipitate with
carbonate minerals by substituting for Ca (Zhong and Mucci, 1995). Ce anomalies have been
widely applied as a redox proxy, with lower Ce anomaly values representative of more oxic
oceanic environments (Ling et al., 2013; Wallace et al., 2017; Bellefroid et al., 2018).
In this study, the Ce anomaly is calculated using the equation: Ce/Ce* = Cen/(Prn2/Ndn)
(Lawrence et al., 2006), where lower subscript n denotes normalization of Ce concentration to
the post-Archean Australian Shale (PAAS, McLennan, 1989). The Ce anomaly (Ce/Ce*) shows
a gradual decrease from around 0.9 to 0.5 through the Onondaga Limestone toward the lower
part of the Seneca Member (Fig. S3a). Then, it stabilizes to <0.5 to the top of the studied section
with some small fluctuations (Fig. S3a). The yttrium anomaly (Y/Ho) is lower than 36 except for
two samples in Oatka Creek strata (Fig. S3e). The light-REE (LREE) depletion (defined by
Ndn/Ybn) for the whole section is in the range of 0.5 to 2.6, and Ndn/Ybn of Seneca Member are
generally < 1 (Fig. S3f). For most samples, Al is lower than 600 ppm (Fig. S3c) and total REE
content (ΣREE) is in the range of 10-90 ppm (Fig. S3d). This indicates that our dissolution
procedure generated low Al and REE concentration that is more likely to be associated with
26

carbonate fraction. In general, carbonate-rich samples of the Seneca Member have higher Y/Ho
ratios, lower Al and ΣREE values than clay and OM rich samples from the younger Marcellus
strata and older Onondaga strata.
REEs absorbed or bounded to detrital clay minerals and organic matter in marine
carbonates can be leached out in sample dissolution limiting the interpretation of Ce anomaly as
a primary seawater signal (Tostevin et al., 2016). Potential contributions from non-carbonate
REEs can be inferred from Ndn/Ybn (LREE depletion), Y/Ho, total REE concentration, Al and
TOC (Fig. S3). Carbonates with less siliciclastic influence often contain seawater-like LREE
depletion (Nothdurft et al., 2004). Al<800 ppm, ΣREE<12 ppm and Y/Ho>36 have been used to
select carbonate materials with the best chance of preserving primary seawater signals (Ling et
al., 2013; Wallace et al., 2017). A majority of our Ce anomaly data appears to be impacted by
detrital clay and organic matter to some degree (Fig. S3). However, samples between 361.5 m to
359.3 m (the Seneca Member) overall have the least imprint of non-carbonate phases, with low
Al, ΣREE, organic matter and LREE depletion, relatively high Y/Ho ratios, and most seawaterlike REE patterns (Fig. S3 and Fig. S4). Because of these limitations, we will not consider the
stratigraphic variability in Ce anomalies and only compare the range of Ce anomalies to
literature data.
The weak negative Ce anomalies during the Paleozoic (before the Mid Devonian) have
been interpreted to indicate global-scale marine anoxic conditions (Wallace et al., 2017). The Ce
anomaly proxy shows a stepwise increase to values reaching those of modern open ocean waters
approximately around 380 Ma (Wallace et al., 2017), although the exact timing of this stepwise
increase is not fully resolved. The Onondaga Limestone fits reasonably well into the secular
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record of decreasing Ce anomaly, in terms of timing and absolute values (Fig. S2). Since noncarbonate phases typically preserve positive Ce anomaly values (Freslon et al., 2014; Bayon et
al., 2015), the carbonate Ce anomaly values would have been even lower than observed, if the
influence of organic matter and clay minerals were excluded. The Y/Ho ratios of those samples
are in the range of 24-30, lower than averaged Late Devonian and later samples (Y/Ho=33) in
Wallace et al. (2017). Low Y/Ho may indicate influence of clay-derived REEs and/or porewater
REE incorporated with diagenetic carbonate. The observed low values in Al, total REE and Ce
anomaly indicate limited contribution from clay-derived REEs (Chen et al., 2015). Ce anomaly
measured in porewaters of modern ocean increases from sediment-water interface to diagenetic
carbonate formation zone in anoxic/euxinic environment (Haley et al., 2004). Thus, Ce
anomalies of the primary seawater signature are likely more oxic than those extracted from our
bulk carbonate samples. Furthermore, a recent study on influences of variable carbonate
diagenesis shows shallow marine carbonates may preserve seawater Ce signals even after
multiple stages and styles of diagenetic alteration (Liu et al., 2019). Although there are potential
issues preventing us from precisely obtaining the Ce anomaly values of ambient seawaters
during the deposition of our sample materials, these strongly negative Ce anomaly (<0.5) still
have some value in indicating increased Ce removal in oxic sink, consistent with the notion of
the Devonian pO2 rise.
The cause of low Y/Ho in some of these carbonates requires future studies to clarify.
There may be some unusual, and previously undocumented, pattern of REE fractionation during
REE uptake by the carbonate. There has been no widely accepted sample preparation protocol
for measuring REE in carbonate. It is unclear how different acid dissolution procedures may
influence Y/Ho. Furthermore, reference material of shaly carbonate with certified REE values is
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required for inter-lab comparison. All of these issues need to be addressed before carbonate
associated REE can be reliably used for paleoenvironmental reconstructions.
Supplementary figures

Fig. S1. Thin section photos for Union Springs Formation carbonates. a) Basal Union Springs
carbonate, Seneca Stone Quarry, Seneca County, New York. From Macro-lithofacies ML1 of
Arroyave (2014). This facies is relatively similar to finer-grained upper Onondaga Formation
carbonates. Image and italicized text description from Arroyave (2014, p. 138-139). Scale is 0.40
mm. Thin section images show a wackestone texture. Matrix: recrystallized calcite spar.
Presence of fossil fragments and oval to round assemblages with calcite spar, organic matter
and pyrite infilled. b) Union Springs limestone, Morton Salt Core, New York. From Arroyave’s
(2014) Macro-lithofacies ML4. Image and italicized text description from Arroyave (2014,
Figure 17a-lower, p. 44). Scale is 0.40 mm. Wackestone texture. Abundant, calcareous ostracods
and other bivalve shell fragments. Matrix: calcite, chert, mica and organic matter. Shells are
partially filled with mud and calcite spar. c) Union Springs limestone and silty mudstone,
Morton Salt Core, New York. From Arroyave’s (2014) Macro-lithofacies ML4. Image and
italicized text description from Arroyave (2014, Figure 19a-lower, p. 48). Scale is 0.40 mm.
Dark matrix composed of illite clay, calcite, chert and organic matter. It grades into an area
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with abundant finely crystalline calcite spar. Fractures are filled with coarsely crystalline calcite
spar and organic matter. Fractures in the sample have been filled by organic matter and sparry
calcite cement.

Fig. S2. Secular trend of I/Ca and Ce anomaly. Red diamonds mark samples with best chance of
preserving seawater Ce anomaly signal, based on other data shown in Fig. S3 and Fig. S4. Gray
diamonds are other samples from the Morton Salt core. Blue diamonds are compiled from
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Wallace et al. (2017) and references therein. Averaged Ce anomaly value (0.55) of Late
Devonian and later samples of Wallace et al. (2017) is labeled by the grey dashed line.

Fig. S3. Carbonate-fraction geochemical profiles for Morton Salt core, except for TOC (whole
rock). a) Ce anomaly; b) TOC; c) Al content; d) total REE content; e) Y/Ho (Yttrium anomaly);
f) Ndn/Ybn (LREE depletion proxy). Note that all REE concentrations mainly represent the
carbonate phase since the samples were dissolved with dilute nitric acid over a few minutes. Red
dots mark the interval with best chance of preserving seawater Ce anomaly signal and are
highlighted in Fig. S2. Stratigraphy abbreviations and lithological legends are same as Fig. 2.
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Fig. S4. Comparison of Morton Salt core samples with averaged REE patterns of carbonate rocks
from different ages (Wallace et al., 2017) and modern shallow sea water (0-400 m) (Zhang and
Nozaki, 1996; Alibo and Nozaki, 1999; Nozaki and Alibo, 2003a, b). Samples from this study
are in red and grey. Red lines represent samples that are selected for compilation in Fig. S2 and
discussion.
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\

Fig. S5. Diagenetic influence on Ce anomaly cross-plots for Morton Salt core samples. a)
Ce/Ce* vs Mn/Sr, b) Ce/Ce* vs Mg/Ca. Three points, whose Mn/Sr are greater than 5, are not
included in linear regressions and t-test.
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Chapter 2. Devonian upper ocean redox trends across Laurussia:
testing potential influences of marine carbonate lithology on bulk
rock I/Ca signals
Abstract
The Devonian is characterized by major changes in ocean-atmosphere O2 concentrations,
colonialization of continents by plants and animals, and widespread marine anoxic events
associated with rapid δ13C excursions and biotic crises (e.g., Becker et al., 2012). However, the
long-term upper ocean redox trend for the Devonian is still not well understood and many
geochemical proxy redox studies do not take into account potential influences of lithology and
stratigraphy on measured redox signals. This study presents new carbonate lithology-specific
I/Ca data from well-dated Lower Devonian through Upper Devonian limestone sections from
Great Basin (western Laurussia) and the Illinois Basin (central Laurussia). Results indicate that
lithologic changes do not exert a dominant control on bulk carbonate I/Ca trends, however, the
effects of some diagenetic overprints cannot be ruled out. The Great Basin I/Ca trends suggest
local upper oceans were more reducing in the Lochkovian, more oxic in the Pragian-Emsian,
return to more reducing in the Eifelian, then to increasingly more oxic, but fluctuating in the
Givetian-Frasnian. The local I/Ca variations at Great Basin likely share more similarity with
global upper ocean condition (compared to the Illinois Basin) based on its position adjacent to
the Panthalassa Ocean and its temporal co-variation with global environmental volatility trends.
For the Illinois Basin, low I/Ca values (more reducing) are recorded during the Pragian to
Emsian and increased but fluctuating values are recorded during the Eifelian to Givetian. The
overall reducing and variable redox conditions of local upper ocean (if not a diagenetic signal)
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during the Middle and Late Devonian of Great Basin coincide with evidence of increased global
environmental volatility suggesting seawater redox may have been an important part of
environmental instability at this time.

Introduction
Devonian environmental changes and ocean redox conditions
The Earth system went through profound changes during the Devonian (~ 419 to 360
Ma). Atmospheric pO2 increased to near-modern levels, suggested by multiple lines of
geochemical (Dahl et al., 2010; Wallace et al., 2017; Lu et al., 2018) and modeling evidence
(Lenton et al., 2016; Krause et al., 2018). At the same time, vascular plants diversified (Gensel
and Andrews, 1987; Elick et al., 1998; Meyer-Berthaud et al., 1999; Stein et al., 2007; Kenrick
and Strullu-Derrien, 2014; Dahl and Arens, 2020) and may have driven increased pO2 level by
increasing organic carbon burial (Kump, 1988; Lenton et al., 2016). In the Mid-Late Devonian,
the development in size and root depths of vascular plants are interpreted to have enhanced
continental weathering rates and nutrient load to oceans, resulting in episodes of elevated marine
primary productivity, marine anoxia and widespread deposition of black shales (Algeo and
Scheckler, 1998).
The significant increase in atmospheric and oceanic oxygen levels did not apparently
result in a long-term environmental stability. Instead, Brett et al. (2020) suggested that biologic
and environmental responses show a range of volatility (e.g., fluctuations of surface seawater
temperatures (SST), δ13C, eustasy, and hypoxic or anoxia-induced biotic turnovers/extinctions).
For example, the Early Devonian is characterized by infrequent but large global carbon isotope
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fluctuations and fewer bio-crises (Brett et al., 2020) (e.g., Klonk event). In contrast, during the
Middle and Late Devonian, frequent marine bio-crises occurred, such as the Hangenberg,
Kellwasser, Taghanic, Kačak and Chotěc events, coinciding with the accumulation of
widespread organic-rich marine facies and positive carbon isotope excursions (House, 2002;
Becker et al., 2016; Becker et al., 2020).
Marine redox conditions may have played an important role. Lithological and
geochemical evidence suggests that most of Late Devonian bio-events are associated with shortlived (Myr-scale) anoxic conditions in bottom waters, at least at a regional scale (e.g., Murphy et
al., 2000; Werne et al., 2002; Sageman et al., 2003; Rimmer, 2004; Lash and Blood, 2014; White
et al., 2018). However, these intervals of black shale deposition and coeval bio-crises provide
only brief snapshots of redox conditions, leaving the long-term background of oceanic redox
evolution unconstrained, particularly for the Early and Middle Devonian. As a result, it remains
challenging to untangle the relationship among environmental volatility, changes in the
biosphere and ocean redox condition evolution during the most part of the Devonian.
In this study, we 1) evaluate upper ocean redox patterns from the interval spanning the
Early to Late Devonian (Lochkovian-Frasnian) using carbonate lithology-specific I/Ca trends
from the Great Basin and Illinois Basin, 2) compare these results to existing I/Ca trends from the
Middle Devonian of the Appalachian Basin, and 3) discuss the combined Laurussia-wide upper
ocean redox trends with previously identified global paleoenvironmental volatility patterns (Brett
et al., 2020).
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Carbonate lithology-specific approach
As marine carbonate rocks usually have heterogenous compositions with various
biogenic and non-biogenic components precipitated in different water depths including
porewater, I/Ca records measured from bulk carbonate rocks may represent a mixed signal. For
example, I/Ca signals can vary among different foraminifera species and associated coarse bulk
fraction within the same Cenozoic core (e.g., Zhou et al., 2014; Zhou et al., 2016). Indeed,
influence from lithologic changes is an unavoidable issue for all bulk carbonate geochemical
proxies, especially for long-term reconstructions that contain different depositional facies,
including I/Ca used here. For research focusing on deep-time samples, it is challenging to
generate long-term, continuous I/Ca profiles for a specific carbonate component. In this study,
we attempt a new approach, namely a carbonate lithology-specific I/Ca investigation, on
Devonian limestones from the Great Basin and Illinois Basin, by identifying facies for each
sample and assessing any influences they might have on I/Ca values.
Iodine as a redox proxy
Iodine is an important element for biogeochemical and redox reactions (Küpper et al.,
2011). In the modern seawater, iodine has a residence time of ~ 300 kyr and a uniform
concentration of ~ 0.45 μmol/L (Elderfield and Truesdale, 1980) and its concentration can be an
order of magnitude lower in freshwater (Fehn, 2012). For two thermodynamically stable iodine
species, iodate (IO3−) is the major species in well-oxygenated waters (Truesdale and Bailey,
2000), while iodide (I−) dominates at depth in anoxic waters (Wong and Brewer, 1977) and in
anoxic porewaters (Kennedy and Elderfield, 1987a, b).
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Iodate is the only species that can be incorporated into carbonate lattice (Lu et al., 2010)
by substituting of CO32− with IO3− (Podder et al., 2017; Feng and Redfern, 2018). Therefore,
high I/Ca ratios found in bulk carbonate rocks indicates precipitation from more oxic upper
ocean waters where iodide is converted to iodate, although the oxidation rate can be very slow
(Hardisty et al., 2020). Low I/Ca values may represent the development of O2-depleted
conditions in or near the upper ocean or the influence from diagenetic process which are only
known to reduce original values (Hardisty et al., 2017). The proxy has been widely applied to
bulk carbonate samples to study the relationships among local ocean redox changes, major
climate changes, and bio-crises from the Proterozoic and Phanerozoic (e.g., Zhou et al., 2015; Lu
et al., 2017; Liu et al., 2019; Shang et al., 2019; He et al., 2020a; He et al., 2020b). More details
about the I/Ca proxy can be referred to the recent review by (Lu et al., 2020).

Geological background
The Devonian Great Basin succession in Nevada accumulated in the southern subtropics
along the westward-deepening epicontinental seaway of western Laurussia (Morrow and
Sandberg, 2008) (Figs. 1 and S1). The western margin of Laurussia accumulated passive-margin
deposits from the late Proterozoic through Middle Devonian followed by foreland basin deposits
(associated with the Antler orogeny) in the Late Devonian through Early Mississippian (Morrow
and Sandberg, 2008). The Great Basin composite section (~800 m) spans the middle Early
Devonian through early Late Devonian (middle Lochkovian to middle Frasnian). Two central
Nevada locations were sampled, including Coal Canyon (Simpson Park Range) and the northern
Antelope Range (Fig. S1). For each section, we used previously reported conodont
biostratigraphy to determine zone-level age control and to correlate sections (Supplementary
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material). The Coal Canyon (Lochkovian) section represents deposition seaward of the shelf
edge in basinal environments (Johnson and Murphy, 1984). The northern Antelope section
(Pragian to Frasnian) represents basinal, slope, shelf edge, and middle shelf environments
depending on the position of eustatic sea level (Johnson et al., 1996; Morrow and Sandberg,
2008). Parts of the Emsian, Givetian, and Frasnian were deposited in the basinal environment in
the northern Antelopes.
The Illinois Basin is one of the major interior cratonic basins of Laurussia, and
accumulated up to 4.5 km of Cambrian through Pennsylvanian marine carbonate and siliciclastic
deposits (Buschbach and Kolata, 1990; Kolata and Nelson, 1990). I/Ca data of Illinois Basin are
measured from samples of the Illinois Geological Survey White County Core (~110 m thick; Fig.
1) that spans the Pragian to early Givetian. The succession accumulated in shallow-water
epicontinental sea carbonate settings in the southern subtropics of central Laurussia (Fig. 1). The
connection to the adjacent Rheic Ocean was restricted during Early Devonian eustatic lowstands,
but more open as sea level rose in the Middle and Late Devonian (Johnson et al., 1985) (Fig. 1).
Relative age control comes from conodont biostratigraphy (Day et al., 2012).

Samples and methods
Sample preparation
Samples for I/Ca and trace element analysis for the Great Basin section were collected at
~5-10 m intervals and at ~1-5 m intervals for C isotopes. To establish a carbonate lithologyspecific I/Ca profile, the sections were described on a bed-by-bed basis using traditional fieldand petrographic-based observations of grain size, sedimentary structures, color, fossil
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types/abundance, and facies associations. For the Illinois Basin core, samples were collected at
~1-3 m intervals for I/Ca analysis and carbonate lithologies were interpreted from core
observations. Samples for elemental analyses were collected at ~5-10 m intervals for Great Basin
and ~1 m intervals for Illinois Basin, chipped into small, non-weathered fragments, and
powdered in a Spex shatterbox with an alumina puck pulverizer.
I/Ca measurements
A total of 129 samples for Great Basin section and 77 samples for Illinois Basin core
were selected for iodine analysis. Around 2-5 mg powdered samples were weighted then rinsed
with deionized (DI) water to remove any iodine that is attached on the surface of sample. To
extract iodine from the carbonate fraction, diluted HNO3 (3% by volume) was added to clean
powders in microcentrifuge tubes and was separated from the residuals immediately after
samples stopped reacting. The dissolved fraction was then diluted to solutions of ~ 50 ppm Ca
and mixed with a matrix solution containing internal standards (Cs and In) and buffered with
tertiary amine. Measurements of iodine, calcium and magnesium concentrations were performed
on a quadrupole inductively coupled plasma mass spectrometer (ICP-MS, Bruker M90) at
Syracuse University. The precisions are typically better than 1% for 127I and the detection limit is
usually better than 0.1 µmol/mol. The long-term accuracy is guaranteed by frequently repeated
measurements of the standard reference material JCp-1 (Lu et al., 2020).
C isotope, major and trace elements measurements
Carbonate C isotope measurements were performed at the University of New Mexico
Center for Stable Isotopes. Isotope values were analyzed using continuous flow Isotope Ratio
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Mass Spectrometry with a Gasbench device coupled to a Thermo Fisher Scientific Delta V Plus
Isotope Mass Spectrometer. The reproducibility was better than 0.1‰ for δ13C based on repeats
of laboratory standard (Carrara Marble) and the laboratory standards were calibrated versus NBS
19.
For elemental analyses, rock powders were dissolved in 1 M HNO3 and solutions were
centrifuged to remove insoluble residue. A solution split was diluted to ~200 ppm Ca with 2%
HNO3 and analyzed for a full suite of major, trace, and rare-earth element abundances on a
Thermo Scientific ICAP-Q inductively coupled plasma mass spectrometer (ICP-MS) at Arizona
State University. The analytical precision for all elements of interest was <5%.

Results
Great Basin
The I/Ca trends are divided into four stratigraphic intervals (Figs. 3, 4). The Lochkovian
consistently records low I/Ca with most of values lower than 1 µmol/mol, followed by an abrupt
increase to 1 to 3 µmol/mol during the Pragian and Emsian. Near the Emsian-Eifelian
unconformable boundary, I/Ca shifts back to nearly 0 µmol/mol and remains near detection limit
through the Eifelian, except for a short-term I/Ca excursion of up to ~ 1.5 µmol/mol. From the
Givetian to Frasnian, I/Ca gradually increases to ~ 2 µmol/mol, but shifts back to near zero
values episodically and fluctuates in the range of 0 to 2 µmol/mol. Nevertheless, the overall I/Ca
average of Givetian-Frasnian interval is lower than that of the Pragian-Emsian (Fig. 4).
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Illinois Basin
I/Ca values are consistently low (< 0.5 µmol/mol) in the Pragian and Emsian (Fig. 5a). In
the early Eifelian, values increase slightly to ~0.5 µmol/mol until the late Eifelian with a brief
peak to ~1 µmol/mol, followed by an increase to fluctuating values (up to ~ 3 µmol/mol) in the
late Eifelian through Givetian (Fig. 5a). The timing of the major I/Ca increase and fluctuating
values during the Givetian is coeval to that observed in the Great Basin section (Fig. 3a and 5a).

Discussion
Carbonate lithology-specific I/Ca record
Geochemical measurements conducted on bulk carbonate rock samples are potentially
influenced by lithologic changes and diagenesis. To avoid effects of lithologic influences,
measurements can be performed on specific biologic components, such as individual brachiopod
calcite or conodont apatite (van Geldern et al., 2006; Joachimski et al., 2009), but then the
sample resolution is limited by available facies containing appropriate fossils types and
abundances. On the other hand, previous geochemical studies have compared trends of redox
proxies to sedimentologic and petrographic characteristics and fossil assemblages to investigate
the nature of geochemical signals (Bowman et al., 2020). We take a similar approach for this
study and compare I/Ca values and trends to specific carbonate rock types and sequence
stratigraphy (Figs. 3, 4, 5).
For the Great Basin, the sampled carbonate rocks span the entire scheme of Dunham’s
classification, from grainstone to lime mudstone (Dunham, 1962). Using field and petrographic
observations, the stratigraphy was subdivided into four major depositional groups including:
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upper shoreface (composed of skeletal/peloid grainstones-packstones), lower shoreface (skeletal
packstones-wackestones), offshore (bioturbated skeletal lime mudstones-wackestones and lime
mudstones) (Fig. 2). The lime mudstone that represents a low-energy environment is a dominant
part of Eifelian (~ 300 - 600 m; Fig. 3) and Tentaculinids are found in mudstones of lower
australis (325 - 370 m). Skeleton wackestone and packstone compose most part of the Lower
Devonian (Fig. 3). Skeleton grainstones is observed in Pragian and those with crinoid can be
found in the bottom of Eifelian. Last, Givetian and Frasnian contain abundant peloid grainstones.
Although the four facies are unevenly distributed through the composite section, I/Ca ratios of
each facies consistently show similar stratigraphic trends and all have a wide range of I/Ca
values (Fig. 3). For example, relatively low Lochkovian and Eifelian I/Ca values occur in all four
facies and the same is true of the higher I/Ca values that occur in the Emsian, late Givetian and
early Frasnian (Fig. 3 b). In addition, I/Ca trends show no systematic variations across
eustatically generated Myr-scale sequence boundaries, except for relatively abrupt I/Ca changes
near the two Lower Devonian unconformities (Fig. 3).
The majority of the Illinois Basin samples is composed of shallow-water crinoidal
grainstones with minor calcite-cemented quartz sandstone in Pragian and skeletal wackestone
and packstone in the upper Eifelian to Givetian. The predominance of grainstone limits robust
evaluation of relationships between the full range carbonate facies and I/Ca values (Fig. 5a). The
Pragian to Emsian grainstones contain abundant quartz sands and the rock type records lower
I/Ca ratios (Fig. 5). The detrital quartz component is likely related to fluvial input during longterm eustatic sea level lowstand (Supplementary material). The influx of fluvial waters with
lower iodine concentrations may explain the lower I/Ca values in this interval.
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This approach of reporting detailed carbonate lithology along with bulk rock I/Ca
measurements may have important potential in assisting the interpretations of bulk carbonate
I/Ca analyses. It is a logic similar to utilizing species-specific foraminiferal records during the
Cenozoic (e.g., Zachos et al., 2001). We suggest this approach be adopted in future deep-time
I/Ca carbonate studies.
Diagenetic influences
A detailed study of Neogene-Quaternary Bahamian carbonates evaluated I/Ca values of
diagenetically altered samples and documented that diagenesis (including dolomitization)
reduced rather than increased original I/Ca values in all cases (Hardisty et al., 2017).
Grainstones with early marine cements occurring in the Great Basin section (Pragian,
Eifelian, Givetian, and Frasnian; Fig. 3a) recording lower I/Ca values may reflect some level of
diagenetic iodate loss. The occurrence of grainstones throughout the Great Basin section and the
potential for diagenetic iodate loss may explain some of the observed I/Ca trends. For example,
fluctuating Givetian-Frasnian I/Ca values may represent the effects of intermittent diagenetic
iodate loss rather than original fluctuating redox conditions (Fig. 3a). Mn/Sr values also aid in
evaluating the effects of diagenesis. Due to the difference in mobility of Sr and Mn, higher
Mn/Sr ratios are usually generated from higher rock-fluid reactions and from more reducing
fluids and can be used to evaluate the overprint from diagenesis (Lohmann, 1988). Relatively
low Mn/Sr (<2) ratios throughout the section suggest the interaction with Mn-rich anoxic
porewater was limited. Low Mg/Ca ratios (with most ratios <0.05 mol/mol) suggest
dolomitization was minor.
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In the Illinois Basin, Pragian through Emsian limestone samples contain abundant detrital
quartz sands with calcite cements (Fig. 5). This calls into question the primary nature of the I/Ca
signal in this interval and the influences due to diagenesis. Future work that details the I/Ca
values from specific components of heterogenous limestones or additional samples from better
preserved sections are required to interpret whether the observed signal records primary or
altered redox trends. Mn/Sr values are lower than 2 for most of the samples, except for the
uppermost Eifelian to lower Givetian where values reach up to 4.5 (Fig. 5b). If this part of the
section with higher Mn/Sr values reflects a more diagenetically altered interval, original I/Ca
ratios could also have been higher due to diagenetic iodate loss (Fig. 5). Last, the overall low
Mg/Ca (most ratios < 1 mol/mol) also suggests limited dolomitization.
Local redox conditions of Great Basin and Illinois Basin
Great Basin
Although diagenesis may have occurred in some Givetian grainstone samples of Great
Basin section (highlighted in Fig. 3a), I/Ca values in Pragian and Frasnian grainstones are not
consistently low and I/Ca values of all the grainstones follow the stratigraphic trend of other
facies (Fig. 3b). Therefore, combining with data from other facies, it is possible that our I/Ca
data captures general trends in local primary seawater redox. If correct, Early Devonian seawater
(except Lochkovian) records more oxic conditions, while the Eifelian may be more anoxic and
more oxic conditions developed into the Givetian and Frasnian. It should be noted that the low
I/Ca values may reflect precipitation from waters close to the OMZ or oxycline, rather than
directly from an anoxic water column.
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Illinois Basin
Illinois I/Ca trends do not match the Great Basin, especially during the Pragian-Emsian,
with consistently low I/Ca ratios close to 0 μmol/mol (Fig. 5a). Diagenesis may not uniformly
alter I/Ca ratios of these samples. During the Eifelian, the relatively low I/Ca background is
consistent with the anoxic conditions recorded in the Great Basin. From the late Eifelian to early
Givetian, the overall increased I/Ca values indicates increased oxygenation (Fig. 5a). The
fluctuating I/Ca signal during this interval may be related to a frequently shifting redox
conditions or simply reflect diagenetic iodate loss considering the higher Mn/Sr ratios found at
this interval (Fig. 5).
Inter-basinal comparison: influence of paleogeography
Paleogeography can influence I/Ca as a local redox proxy, since iodine chemistry in the
water column can be influenced by local hydrography, local redox, and also major changes in
global ocean conditions. Based on the paleogeographic reconstructions (Fig. 1 and Morrow and
Sandberg, 2008), the Great Basin section was located along the western margin of Laurussia
connected directly with the Panthalassa Ocean throughout the Devonian. Development of OMZ
is very common in western continental margins in the tropics and subtropics (Hay, 1995), such
as the modern eastern tropical Pacific where the upwelling-driven productivity and poor
ventilation results in a large OMZ. Although the Devonian Great Basin is a shallow epeiric sea,
its redox condition can still be influenced by OMZ that may have developed along the west
margin of Laurussia. In contrast, the Illinois and Appalachian basins were isolated epeiric sea
basins situated in central and eastern margin of Laurussia continent at higher latitudes (~ 30°S;
Fig. 1). The I/Ca range found in the Great Basin is lower than that of the Appalachian Basin
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(e.g., during the Eifelian; Fig. 6). The similar lateral variations in redox patterns have also been
reported in Late Ordovician, when a western Laurentia continental margin site closer to the
upwelling and OMZ also had a relatively lower range of I/Ca (Pohl et al., 2021).
The paleoceanographic conditions of Devonian epeiric sea basins (i.e., Illinois and
Appalachian basins) are not well-constrained. The difference between the Eifelian I/Ca trends in
the Illinois Basin and Appalachian Basin is likely due to the >1500 km distance between the
locations, physical separation by exposed arches and sills during lower eustatic sea levels of the
Early-Middle Devonian. This interpretation of lateral redox and salinity changes in the Middle
Devonian epeiric seaway are supported by the super-estuarine circulation model in which the
lateral advection of deeper water from open ocean controls the redox condition of epeiric seas
(Algeo et al., 2008) and spatially heterogenous Fe speciation and trace metal data within Late
Devonian Appalachian Basin (Gilleaudeau et al., 2021). The uniformly low I/Ca background
(nearly 0 μmol/mol) of Pragian-Emsian Illinois Basin strata may also be related to mixing with
fresh water during the relatively low sea level, consistent with terrestrial sand content and
elevated Al and Ti concentration (Fig. 5).
Devonian seawater redox conditions
Both proxy (Mo isotope, I/Ca ratio, Ce anomaly and charcoal) and model (COPSE and
GEOCARBSULF) results suggest atmospheric pO2 levels increased during the Devonian (Dahl
et al., 2010; Glasspool and Scott, 2010; Lenton et al., 2016; Wallace et al., 2017; Krause et al.,
2018; Lu et al., 2018). The precise timing of this pO2 change remains uncertain with
interpretations ranging from the late Silurian to Late Devonian. The increase in I/Ca ratios from
Lochkovian to Emsian in the Great Basin section (Fig. 3a) could be related to the rise of
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atmospheric oxygen levels impacting the upper ocean. Since I/Ca itself is a local redox proxy
and not a direct proxy for atmospheric oxygen levels, I/Ca data from multiple locations in
addition to Laurussia or additional evidence from independent global redox proxies will be
required to pin down the timing of Devonian pO2 rise.
Devonian environmental volatility
Taking advantage of high-resolution radiometric dating, Brett et al. (2020) defined the
environmental volatility as a relatively high number of fluctuations in environmental and biotic
parameters over a given interval of time, and quantified it through the Devonian. The parameters
or volatility metrics include fluctuating SST, δ13C, eustasy, and hypoxic or anoxia-induced biotic
turnovers/extinctions (Fig. 4). Brett et al. (2020) suggested a relatively less volatile interval from
the Lochkovian to middle Eifelian, followed by peak environmental volatility during the late
Eifelian through early Frasnian (Fig. 4b, c). The mechanism behind the increased environmental
volatility is not well understood; however, this time interval coincides with increasing SST
(Joachimski et al., 2009), orbital-scale glacio-eustasy (Elrick and Witzke, 2016), more frequent
Myr-scale sea-level changes, and increased continental weathering (van Geldern et al., 2006)
(Fig. 4).
Here, we compare the Devonian environmental volatility with I/Ca ratios from Great
Basin considering it may record the most primary seawater redox trends. The more oxygenated
Pragian-Emsian upper oceans in the Great Basin suggested by our I/Ca record is consistent with
the notion of a relatively stable Early Devonian biotic environment (Fig. 4). Due to an
unconformity along the Emsian-Eifelian boundary (missing partitus and parts of serotinus and
patulus zones) and low sedimentation rates (especially for the costatus zone), the lower Eifelian
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is very thin in the Great Basin section (Fig. 3). Therefore, the onset of high volatility is
equivalent to the boundary between the costatus and australis zones of late Eifelian at ~ 325 m
(Figs. 3, 4). I/Ca trends in the Great Basin suggest an expanding OMZ from the Emsian into the
Eifelian, followed by notable OMZ fluctuations, which largely echoes the reconstructed
environmental volatility (though not strictly one-to-one match). Even though I/Ca data from a
single location records local redox conditions, the redox changes can still mimic the global redox
evolution (Lu et al., 2020). It is not unreasonable to suggest that the local Great Basin water
column captured some fundamental changes in global redox trends, considering the coincidence
between I/Ca ratios and environmental volatility and the proximity to the Panthalassa Ocean.
Previous studies interpret that many Devonian bio-events, for example Taghanic,
Kellwasser, Hangenberg and other 3rd-4th order events, classified by Becker et al. (2016) as
extinctions at lower taxonomic level (such as genera and species) with fewer groups, were the
result of expanded anoxia (e.g., Zambito et al., 2012; Formolo et al., 2014; White et al., 2018;
Liu et al., 2019; Zhang et al., 2020). In this study, although the frequent occurrences of biozone
turnovers and bio-events in the late Eifelian to early Frasnian correlate with overall more
reducing conditions in the Great Basin, we do not find a one-for-one co-variation between upper
ocean redox conditions in our Great Basin section and known 3rd-4th order bio-events. It indicates
that ocean deoxygenation may not be the sole trigger for all the later Devonian bio-events.

Conclusion
Carbonate lithology-specific I/Ca trends from Early through Late Devonian (Lochkovian
to Frasnian) limestones accumulating in the Great Basin and Illinois Basin of Laurussia indicate
that the overall trends are not systematically influenced by lithology or eustatic sea-level
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changes. Upper ocean redox trends in the Great Basin are characterized by higher I/Ca values
(more oxic conditions) in the Pragian-Emsian, a shift to lower values (more reducing conditions)
in the Eifelian, followed by slightly higher and fluctuating I/Ca trends in Givetian and Frasnian.
The more reducing and fluctuating redox conditions in the Middle and Late Devonian are
coincident with previously interpreted intervals of high environmental volatility. Illinois Basin
I/Ca trends record low values (reducing conditions) in the Pragian-Emsian followed by
increasing and fluctuating values in the Eifelian-Givetian. The different signals between the two
basins are likely related to variations in local upper ocean redox, hydrographic conditions
associated with varying paleogeography and eustasy, and/or diagenesis. To further evaluate
global versus local redox evolution of Devonian oceans, other I/Ca records and independent
redox proxies from other locations are required along with additional indicators of diagenesis.

64

Figures

Figure. 1 Paleogeographic maps of Laurussia during the Devonian. Maps are based on Blakey
(2018). Dashed white lines represent the paleo-equator. GB represents the location of Great
Basin composite section. IB represent the location of Illinois State Geological Survey White
County Core of Illinois Basin. AB represent the location of the Middle Devonian core from the
Appalachian Basin (He et al., 2020b).
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Figure. 2 Thin section photographs of the main four lithologic groups identified in the composite
Great Basin section of Nevada. Photos were taken under plane-polarized light. The colored solid
circles are consistent with the colors shown in Figures 3, 4, 5, and 6. From a) to d) lithologic
transitions are from coarse grained to fine grained and depositional environments transition from
upper shoreface to offshore environments.
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Figure. 3 Geochemical measurements of the Great Basin composite section: a) carbonate
lithology-specific I/Ca ratio, b) LOWESS smoothing trends of each of the 4 lithologic facies, c)
bulk carbonate carbon isotopes, d) Mn/Sr ratios. Colors of dots in a) and lines in b) are consistent
with lithologic groups in Figure 2 and the black dots represent samples that are not identified
with a specific lithologic group. The thicker gray lines in a) and b) show the LOWESS
smoothing results of all the samples. Abbreviations: GRST = grainstone, PK = packstone, WK =
wackestone, MDST = mudstone, SL = sea level. Blue lines in a) represent intervals that may
record potential diagenetic alteration.
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Figure. 4 I/Ca ratios of the Great Basin section and compiled Devonian environmental and biotic
parameters. a) Stratigraphic trends of I/Ca are subdivided into four intervals; the straight gray
lines represent averages of I/Ca within each interval, and the gray boxes show the ranges of one
standard deviation. b-c) Numbers of conodont biozones, hypoxic/anoxic-related bioevents,
carbon isotope excursions, global sea level changes within Devonian time bins of 5 Myr
durations. Data are modified from Tables. 2 and 4 of Brett et al. (2020) and we used the
subdivided zonation for conodont zones here. d) Global records of oxygen isotopes of conodont
apatite (Joachimski et al., 2009). The gray curve in d) represents locfit regression of Joachimski
et al. (2009). The gray dashed lines correlate the Great Basin stage boundaries to the compiled
datasets stage boundaries. The yellow boxes highlight the intervals of highest volatility identified
by Brett et al. (2020).
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Figure. 5 Geochemical measurements from the Illinois Basin core. a) Carbonate lithologyspecific I/Ca ratios, b) Mn/Sr ratios, c) Al concentration, d) Ti concentration, e) Y/Ho ratios. The
gray curves show the results of LOWESS smoothing. The black dashed line in e) shows Y/Ho =
36, values higher than 36 indicate primary marine REEs signals (e.g., Ling et al. (2013)). All the
results were measured from the carbonate fraction. The Pragian-Emsian portion is rich in quartz
sands (blue vertical line). Samples of a) and samples of b-e) are from the same core but not
measured from same depth. The colors of lithologic groups are same as the Great Basin section
(Fig. 2), except brown starts in Pragian of b-e) represent quartz sandstone with calcite cements.
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Figure. 6 I/Ca comparisons among the three basins: a) Great Basin, b) Illinois Basin, c)
Appalachian Basin (He et al., 2020b). Gray shading identifies the Eifelian interval overlapping
between all three basins for comparison.
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Supplementary discussion
Biostratigraphy correlation in Great Basin of Nevada
The samples of Lochkovian are from Coal Canyon (CC) section, northern Simpson Park
Range (Fig. S1). Central Nevada conodont (and graptolite) biostratigraphy from Murphy and
Berry (1983) and Murphy and Edwards (1977) is used to correlate sections. Data of Pragian to
Frasnian are from Northern Antelope section (NA, A, A con’t, WA, UA, EA; Fig. S1), and
conodont biostratigraphy is reported in Johnson et al. (1996).
Terrestrial contamination
Terrestrial contamination is another issue that interferences the primary marine signal.
Common terrestrial input sources (e.g., magmatic and metamorphic rocks) contain very low
iodine concentration (average < 50 ppb) comparing to marine sediments (average ~ 1500 ppb)
(Muramatsu and Wedepohl, 1998). Even in a clay formation, iodine content is still dominated by
carbonate minerals therein (Claret et al., 2010). Aluminum, which is related to silicates from
terrestrial input, and Ti, an incompatible element that is enriched in the continental crust, all
show increased concentration within Pragian-Emsian interval of Illinois Basin core, consistent
with observed detrital sands from the core (Fig. 5c, d). However, our I/Ca data does not covary
with Al and Ti concentration and remain on a low background, indicating the influence from
terrestrial input on the I/Ca is minor for the Illinois Basin core (Fig. 5).
Y and Ho, two rare earth elements (REEs), have similar geochemical behaviors and they
are less fractionated in freshwater, but show a relatively larger Y/Ho ratio (> 36) in modern open
ocean (Lawrence et al., 2006; Nozaki, 2001). Therefore, Y/Ho ratio can be used to evaluate
71

whether carbonate samples faithfully record marine signals. In our Illinois Basin core, all Y/Ho
ratios are greater than 36, suggesting samples indeed represent a marine environment (Fig. 5e).

Fig. S1 Locations of composite sections of Great Basin.
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Chapter 3. Iodine records from the Ediacaran Doushantuo cap
carbonates of the Yangtze Block, South China
Abstract
Late Neoproterozoic cap carbonates formed following the Cryogenian glaciations may
record information about the significant climate change and ocean chemistry evolution
immediately after the Snowball Earth events. Large negative carbon isotope anomalies and
enigmatic sedimentary structures have been identified from the post-Marinoan cap carbonates
across the globe, but their formation mechanism remains debatable due to difficulties of
distinguishing overlapped chemical signatures and diagenetic alterations. In this study, we
present I/(Ca+Mg) profiles of four sections from a shallow-to-deep water transect of the basal
Doushantuo cap carbonates, one of the most extensively studied Ediacaran units in South China.
Most samples have I/(Ca+Mg) values lower than 1 μmol/mol with a few exceptions in the shelf
sections up to ~2.5 μmol/mol. All calcite samples with extremely low δ13C have iodine signal
below detection limit, suggesting carbonate precipitation from anoxic seawater or diagenetic
fluids. Among the four sections, the slope section has the lowest I/(Ca+Mg) values, suggesting
that it may have experienced more extensive fluid-buffered diagenesis and more severe loss of
IO3–. In combination with available major, trace, rare earth element and isotope data, the
temporal I/(Ca+Mg) variations support freshwater mixing and deep-water upwelling in proximal
sites and transient oxidation during deposition of the Doushantuo cap carbonates.
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Introduction
During the late Cryogenian Marinoan glaciation (ca. 650–635 Ma), the Earth experienced
extreme cold, with ice sheets extending to tropic oceans (Kirschvink, 1992; Hoffman et al.,
1998). The termination of the Marinoan glaciation at ca. 635 Ma is followed by deposition of afew-meter-thick cap carbonates that defines the base of the Ediacaran Period (Williams, 1979;
Kennedy, 1996; Hoffman et al., 1998; Knoll et al., 2006). The basal Ediacaran cap carbonates
are widespread and sharply overlay the Marinoan-age glacial diamictites. Novel micro- and
macrofossils preserved in Ediacaran strata above the cap carbonates indicate fast diversification
of eukaryotes including metazoans shortly after the Marinoan glaciation (Yin et al., 2007;
McFadden et al., 2008; Yuan et al., 2011).
In most sections globally, the thin cap carbonate units are overlain by transgressive shales
and siltstones with fine-grained limestone/dolostone interbeds (Shields, 2005). The cap
carbonates host some special sedimentary structures and features, such as barite layers, aragonite
fans, sheet-crack cements, tubestones and giant wave ripples (Kennedy, 1996; Shields, 2005;
Hoffman et al., 2007, 2011). Cap carbonates were thought to have precipitated primarily as
aragonites or high-Mg calcites and were dolomitized through diagenetic alteration (e.g., Ahm et
al., 2019). In addition, in spite of the ubiquitous negative carbon isotope (δ13C) excursion
associated with cap carbonates, the temporal δ13C trends and absolute δ13C values vary
significantly among sections of the same continent and different continents globally (Hoffman et
al., 2007; Jiang et al., 2011).
Several models have been proposed to link the abrupt deglaciation to the formation of cap
carbonates. The overturn of an anoxic and stagnant ocean, under extensive ice coverage, could
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increase the alkalinity of postglacial shelves and basins and lead to carbonate precipitations
(Grotzinger and Knoll, 1995; Knoll et al., 1996; James et al., 2001). In the snowball Earth
hypothesis, unusually high CO2 level built up during the glaciation reached a super-greenhouse
threshold, resulting in fast melting of ice sheets and sequestering atmospheric CO2 into marine
carbonates (Hoffman et al., 1998, 2017; Hoffman and Schrag, 2002). The unusual sedimentary
structures and extremely negative δ13C values (≤ –40 ‰) from some sections of the Doushantuo
cap carbonates in South China led to the hypothesis that methane released from clathrate
destabilization played an important role in increasing ocean alkalinity and precipitation of cap
carbonates (Kennedy et al., 2001; Jiang et al., 2003a; Wang et al., 2008). In addition, microbially
mediated carbonate precipitation from low-salinity meltwater plume during deglaciation may
have also contributed to the formation of unusual sedimentary features seen in cap carbonates
(Shields, 2005). At the regional or basal scale, cap carbonates may be diachronous (Hoffman et
al., 2007), resulting in geochemical discrepancy in different sections.
Regardless of many unresolved questions about cap carbonates, there are interests in the
ocean redox condition during the deposition of cap carbonates. Trace element data from the postcap-carbonates black shales in South China documented a significant enrichment in redoxsensitive trace elements (RSTEs) and suggested ocean oxygenation that may have triggered the
early Ediacaran animal evolution (Sahoo et al., 2012, 2016), but this phenomenon has not been
observed in other successions globally (e.g., Miller et al., 2017). Recently published geochemical
data from Doushantuo cap carbonates (e.g., δ13C, δ34SCAS, δ44Ca, 87Sr/86Sr, rare earth and trace
elements) suggest that they may have formed under the influence of deglacial meltwater,
hydrothermal fluids, and upwelling (e.g., Huang et al., 2009, 2011, 2013; Wang et al., 2014;
Hohl et al., 2017; Zhao et al., 2018; Wei et al., 2019a). The spatiotemporal variations in δ13C,
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δ53Cr, trace element concentration and Ce anomaly also suggest complex redox conditions from
anoxic, suboxic, to frequently changing redox conditions during deposition of the Doushantuo
cap carbonates (e.g., Huang et al., 2009, 2011; Lang et al., 2016; Rodler et al., 2016; Hohl et al.,
2017; Wu et al., 2019). Most of the redox proxies used so far are related to bottomwater/porewater redox conditions. The I/(Ca+Mg) ratios of carbonate rocks, indicative of redox
conditions in shallow sub-surface waters, may provide new insights about the redox change
across the Cryogenian-Ediacaran transition.
Iodine has a residence time of around 300 ky in seawater and a uniform concentration of
0.45 μM (total iodine) in most parts of the modern ocean (Lu et al., 2010). Iodine concentration
varies in different types of water and it can be one order of magnitude higher in seawater than in
freshwater (Fehn, 2012). Iodate is the major species in well-oxygenated waters (Truesdale and
Bailey, 2000) but iodide dominates in anoxic basins and porewaters (Wong and Brewer, 1977;
Kennedy and Elderfield, 1987a, b). Since iodate is the only species that can be incorporated into
carbonate structure (Lu et al., 2010; Podder et al., 2017), I/Ca ratios in limestones or I/(Ca+Mg)
ratios in dolomitized limestones/dolostones have been widely used as a proxy to reconstruct
redox conditions during different geological time intervals (Lu et al., 2010; Hardisty et al., 2017;
Lu et al., 2018; He et al., 2020). In this study, I/(Ca+Mg) ratio is used for the Doushantuo cap
carbonates, since most measured samples are dolostones.
Some iodine data have been reported from the Ediacaran carbonates in South China, but
those data focused on the entire Ediacaran Period rather than the transition from the Snowball
Earth to early Ediacaran (Hardisty et al., 2017; Wei et al., 2019b). In this study, we report
I/(Ca+Mg) profiles of the Doushantuo cap carbonates from four sections across a shelf-to-basin
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transect and compare the iodine data with other geochemical data available from the same
stratigraphic interval. With the integrated dataset, we discuss the recently proposed fluid
diagenetic model and summarize the ocean chemistry evolution patterns after the meltdown of
the snowball Earth.

Geological setting
The late Neoproterozoic rift margin of the South China Block developed along the
southeastern side of the Yangtze Block after ~800 Ma and transited to a passive margin during or
after the Marinoan glaciation (Wang and Li, 2003; Jiang et al., 2006). The Marinoan glacial
deposit in South China is named as the Nantuo Formation, which is generally thin (tens of meters
thick to absent) in the interior of the Yangtze Block but thickens markedly ( up to 4 km thick)
towards the southeast in the basin (Jiang et al., 2006, 2011). The Nantuo Formation is overlain
by thin (~5 m) post-glacial cap carbonates ascribed to member I of the Doushantuo Formation
(Fig. 1; Jiang et al., 2003a, 2006, 2011), which have been dated at ca. 635 Ma by U-Pb zircon
ages of ash beds near the top of the cap dolostone (635.2 ±0.6 Ma; Condon et al., 2005) and at
the topmost Nantuo Formation (634.6 ±0.9 Ma; Zhou et al., 2019). The cap carbonates are
overlain by member II of the Doushantuo Formation that is composed of interbedded carbonate
and shale, and followed by more carbonate-rich rocks of the upper Doushantuo and Dengying
formations (Fig. 1). Paleomagnetic data from the Nantuo Formation suggest that South China
was located in mid-latitude of the northern hemisphere (Zhang et al., 2013). The measured
sections of the Doushantuo cap carbonates cover depositional environments across a shelf-tobasin transect (Fig. 1; Jiang et al., 2011).
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Samples and methods
Samples were collected from four sections representing different depositional
environments of the South China Block: Jiulongwan (inner shelf), Zhongling (outer shelf),
Siduping (slope) and Yuanjia (basin) (Fig. 1). Jiang et al. (2003a) divided the Doushantuo cap
carbonates into three units, based on its lithological features: the basal localized unit C1 with
disrupted/brecciated limestone and dolomite layers, the middle unit C2 composed of laminated
dolomite layers with tepee-like structures, and the upper unit C3 characterized by laminated silty
limestone and dolomite layers. We adopt this characterization for simplicity of later discussions,
while acknowledge that unit C3 may belong to Member II of the Doushantuo Formation and
there is potentially an exposure surface at the top of unit C2 (e.g., Zhou et al., 2010, 2016).
Most cap carbonate samples are obtained from homogenized microcrystalline dolostone
or dolomicrite, the most pervasive phase of the Doushantuo cap carbonates (Jiang et al., 2006).
Except for the few calcite samples with extremely low ẟ13C values, calcites from fractures, sheet
cracks, breccias and cavities are avoided. The Doushantuo cap carbonates in the Jiulongwan
section are ~5 m thick and are intensively studied; their lithologic descriptions and δ13C data are
summarized in Wang et al. (2008). The cap carbonates in the Zhongling, Siduping and Yuanjia
sections represent deposits from the shelf margin, slope, and basin settings, respectively, and
their lithology, sedimentary structures, and carbon isotope data were described in Jiang et al.
(2006) and Jiang et al. (2010). Three inner shelf sections at Jiulongwan, Huajipo, and Wangzishi
have limestone lenses/cements producing extremely low δ13C values down to –50‰ that were
interpreted as evidence for anaerobic methane oxidation (Jiang et al., 2003b; Wang et al., 2008),
but later these isotope features were thought to have hydrothermal influence (Bristow et al.,
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2011). Three samples from Jiulongwan and two samples from Huajipo that have very low δ13C
values were selected for iodine analyses.
About 2–4 mg powdered bulk rock samples were weighted out on a microbalance and
then were rinsed with DI water to remove any iodine that can potentially be absorbed on the
surface of samples. The cleaned powders were dissolved in 3% (by volume) HNO3 and separated
from residuals immediately after samples stopped bubbling. The dissolved fractions were mixed
with a matrix, which contains internal standards and buffered tertiary amine. Measurements of
iodine, calcium and magnesium concentrations were performed on a quadrupole inductively
coupled plasma-mass spectrometer (ICP-MS, Bruker M90) at Syracuse University. Calibration
standards were made for each batch of samples. The standard deviation of each measurement is
usually lower than 1% and the detection limit of I/(Ca+Mg) is typically better than 0.1 μmol/mol.
The long-term accuracy is maintained by repeatedly measuring the standard reference material
Jcp-1 (Lu et al., 2010).

Results
The overall range of I/(Ca+Mg) ratios from the four studied sections are comparable to
those of Proterozoic samples but are lower than values of many Phanerozoic intervals (Lu et al.,
2018). Most samples have I/(Ca+Mg) ratios less than 1 μmol/mol, with a few samples having
values of 1–2.5 μmol/mol (Fig. 2). There is no clear stratigraphic I/(Ca+Mg) trend consistently
observed in all sections. The shelf sections of Jiulongwan and Zhongling show larger I/(Ca+Mg)
ranges than the other two deeper-water sections (Fig. 2). I/(Ca+Mg) pulses up to ~2 μmol/mol
are observed in the shelf sections, but the current sampling resolution is relatively low. For
example, two high values are found in the Jiulongwan section at ~1.0 m and ~3.5 m (Fig. 2a) and
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one high value is found in the Zhongling section at ~3.0 m (Fig. 2b). On the other hand, samples
from the Siduping section, formed in a slope environment, has most I/(Ca+Mg) values less than
0.2 μmol/mol and only two relatively high values around 0.4 μmol/mol are present at ~4.0 to
~5.0 m (Fig. 2c). In the basin section (Yuanjia), I/(Ca+Mg) values are higher than those from the
Siduping section, but again, no clear temporal trend is observed (Fig. 2d). The I/(Ca+Mg) ratios
of the five samples with extremely low δ13C values are all below detection limit (Fig. 3).
Mg/Ca ratios also vary among sections. In the Jiulongwan section, Mg/Ca values are
mostly in the range of 0 to 1.0 mol/mol and most Mg/Ca values lower than 0.4 mol/mol are
found in the bottom and middle parts of the section (Fig. 2a). The Zhongling section has higher
Mg/Ca ratios than the Jiulongwan section, mostly in the range of 0.4 to 1.0 mol/mol (Fig. 2b).
The slope section (Siduping) has the highest Mg/Ca ratios among four sections, with most values
falling in a range of 0.9 to 1.1 mol/mol (Fig. 2c). The Mg/Ca ratios of the Yuanjia section are in
the range of 0.8 to 1.1 mol/mol and show no significant trend through the section (Fig. 2d).

Discussion
The few previously reported I/(Ca+Mg) data from the cap carbonates in South China
(Hardisty et al., 2017; Wei et al., 2019b) suggest overall low-oxygen water-column conditions
across the Yangtze Platform. However, diagenetic alterations on these cap carbonates could be
prevalent, calling attention to interpretations of our new data, particularly in depositional
environments where fluid-buffered diagenesis dominates (e.g., Ahm et al., 2019). Additional
processes with potential influence on geochemical signals, such as meltwater input and dissolved
organic matter oxidation, may further complicate the interpretation of I/(Ca+Mg) in cap
carbonates. Hence, we explicitly acknowledge that this particular set of I/(Ca+Mg) data should
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not be viewed as a simple local redox history. We aim to discuss these I/(Ca+Mg) data in a body
of rich but complex literatures about the paleoenvironmental changes throughout the deposition
of cap carbonates.
Carbonates with extremely low δ13C
Extremely negative δ13Ccarb signals, between −20‰ and −48‰, have been found in
limestone lenses, calcite cements and cavity-filling calcites from several cap carbonate sections
in South China (Jiang et al., 2003a; Wang et al., 2008; Zhou et al., 2010; Bristow et al., 2011).
These negative δ13Ccarb were initially interpreted as recording anaerobic oxidation of methane,
which may have been derived from destabilization of clathrates at the end of the Marinoan
glaciation (Jiang et al., 2003a; Wang et al., 2008), although some cavity-filling calcites may be
post-depositional (Zhou et al., 2010). Clumped isotope thermometry, however, suggests that
these 13C-depleted calcites are post-depositional products of thermogenic methane oxidization,
under the influence of hydrothermal fluid (Bristow et al., 2011). Other indirect evidence, such as
high δ18OSMOW (calculated) in fluid, high Mn/Sr ratios (>100) and radiogenic 87Sr/86Sr in 13Cdepleted calcites, and high degree of clay mineral diagenesis near cap carbonates, also supports
influences from hydrothermal activity (Bristow et al., 2011).
Both the syn-depositional and post-depositional interpretations imply that the calcites
with extremely low δ13Ccarb values were formed in reducing conditions, either in anoxic
bottom/porewater (cold methane seeps) or from deeply sourced hydrothermal fluids. Under
anoxic conditions, iodide, rather than iodate, is the dominant iodine species that cannot enter the
carbonate mineral lattice. All calcite samples with very low δ13C values have I/(Ca+Mg) below
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detection limit (Fig. 3). These data can be explained by the two scenarios proposed for the origin
of these calcites, and cannot disapprove either of the hypotheses.
Spatial patterns: diagenetic alterations in the slope section
Recently, a new diagenetic model has been proposed to explain discrepancies in
geochemical signals found in contemporary carbonate samples from various sedimentary
environments, based on diagenetic fluid circulation paths in sediments (Ahm et al., 2018, 2019;
Higgins et al., 2018; Hoffman and Lamothe, 2019). In this model, the fluid-buffered diagenesis
refers to an open system where the chemical composition of secondary carbonates is determined
by diagenetic fluid, whereas the sediment-buffered diagenesis refers to a close system where
chemical composition of secondary carbonates is determined by primary sediments (Ahm et al.,
2018; Hoffman and Lamothe, 2019).
A porewater convection model suggests that diagenetic fluids flew from outer slope to
inner shelf were driven by an expansive meltwater wedge in coastal areas or the horizontal
temperature gradient between seawater and porewater (Ahm et al., 2019; Hoffman and Lamothe,
2019). Under these assumptions, slope sections are more likely to be influenced by fluidbuffered diagenesis, while shelf sections are majorly influenced by sediment-buffered diagenesis,
since in the shelf environments diagenetic fluids have experienced longer pathways and
exchanged chemical composition with sediments more extensively. This conceptual model has
shown advantages in explaining different δ13C signal offsets from late Neoproterozoic cap
carbonates of different depositional environments, combined with diagenetic indicators, such as
Ca and Mg isotopes (Ahm et al., 2019).
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The Siduping section in the slope environment has the lowest I/(Ca+Mg) among the four
sections, with a mean lower than 0.07 μmol/mol, while the other sections have higher means of
I/(Ca+Mg) between 0.3 and 0.5 μmol/mol (Figs. 3 and 4). The t-tests against Siduping and other
sections all yield p-values lower than 0.05, suggesting that the I/(Ca+Mg) result of the slope
section is significantly different from that of other sections. The low I/(Ca+Mg) values at
Siduping could indeed indicate IO3– loss during fluid-buffered diagenetic alteration considering
its depositional environment (Higgins et al., 2018). The distinct and consistently high Mg/Ca
ratios in this section also support a stronger dolomitization (Fig. 4). Relatively lower δ34SCAS and
δ66Zn values found in slope section of the South China Block, comparing to shelf sections, also
indicate heavier diagenetic alteration under influences of hydrothermal fluids (Huang et al.,
2013; Lv et al., 2018). Therefore, our results support that the diagenetic patterns of cap
carbonates may have been similar to sections in Africa (Ahm et al., 2019; Hoffman and
Lamothe, 2019).
Temporal patterns: comparison with other published datasets
Previously published elemental and isotopic data from the South China Block are
compiled and compared with the I/(Ca+Mg) profile of the inner shelf Jiulongwan section to
discuss the relationship between possible oceanic events and our iodine proxy (Fig. 5). Although
the subdivisions of the Doushantuo cap carbonates (C1, C2 and C3) are slightly different in
pervious publications (e.g., Jiang et al., 2003a, 2010; Wang et al., 2008; Zhou et al., 2010, 2016),
the lithology and thickness of this short stratigraphic interval do not have large differences. To
simplify the discussion, the height of the compiled sections was carefully normalized to the
Jiulongwan section to avoid incorrect correlation of geochemical data (Fig. 5).
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Influence of freshwater mixing
The plumeworld hypothesis proposed that the massive and abrupt Marinoan deglaciation
resulted in melting of continental and sea ice and created a thick layer of buoyant freshwater
plume spreading globally (Shields, 2005). In South China, this model is supported by rare earth
element (REE), Ca and Sr isotope data (Huang et al., 2009; Wang et al., 2014; Hohl et al., 2017;
Wei et al., 2019a). Through the basal part of the cap carbonates, the overall REE distribution,
Smn/Ybn, Y/Ho and other patterns are similar to rivers or carbonates formed in estuaries (Fig. 5a;
Huang et al., 2009; Wang et al., 2014; Hohl et al., 2017). In addition, a large negative δ44Ca and
a positive 87Sr/86Sr excursion in the lower part of the cap carbonates of different continents also
supports terrestrial meltwater input during the deglaciation (Fig. 5a; Wei et al., 2019a).
Since iodine concentrations in freshwater are commonly one order of magnitude lower
than those in seawater (Küpper et al., 2011; Fehn, 2012), the mixing of fresh meltwater with
seawater during deglaciation would decrease the iodine concentration. If there was no significant
change in redox conditions, mixing with meltwater alone would reduce I/(Ca+Mg) ratios in the
cap carbonates, although this dilution effect on I/(Ca+Mg) is very difficult to quantify without
reliable estimate on salinity change. This is consistent with the relatively lower average
I/(Ca+Mg) value of 0.24 μmol/mol in the lower part of the cap carbonates (0–2.5 m) in the
Jiulongwan section, an inner shelf section where the cap carbonates are well-preserved (Fig. 5a),
comparing to averages greater than 0.45 μmol/mol through the middle and upper part of the
section. Thus, our data in the lower part of the Doushantuo cap carbonates can be at least
partially explained by meltwater input.
Upwelling and DOC oxidation
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An upwelling event was proposed to have happened during deposition of the middle
Doushantuo cap carbonates (at the C2-C3 transition). A large negative δ13C shift down to −15‰
was reported from unit C3 at the Jiulongwan section (Fig. 5b; Wang et al., 2008; Wu et al.,
2019). Concentrations of trace elements, such as U and Mo, show a significant increase slightly
below the negative δ13C signals (Fig. 5b; Huang et al., 2009; Wang et al., 2014). Since trace
elements from hydrothermal source could have accumulated in the stagnant and anoxic deep
ocean during glaciation (Cruse and Lyons, 2004; Edmonds and German, 2004; Meyer et al.,
2012), the higher trace element concentrations at the C2-C3 transition (Fig. 5b) were interpreted
as recording the signal from upwelling of deep water during deglaciation. The lower δ13C values
in dolostones at this interval may have been resulted from oxidation of dissolved organic carbon
(DOC) from the deep basin. Relatively high δ34SCAS, δ66Zn and Zn/Cd ratios associated with the
negative shift in δ13C also support oxidation of DOC via bacterial sulfate reduction (BSR) and
non-quantitative removal of Zn under low H2S conditions (Huang et al., 2013; Yan et al., 2019)
that are common in upwelling regions.
The influence of upwelling on the iodine proxy cannot be easily predicted in this
scenario. Anoxic deep water may accumulate high concentrations of iodide as shown in some
examples in the modern ocean (Wong and Brewer, 1977). If the upwelled iodide were fully
oxidized to iodate within oxic shallow water, carbonates may record an increase in I/(Ca+Mg).
Hydrogen peroxide, which could be generated by photochemical reactions and stored in ice
during Snowball Earth events (Liang et al., 2006), can be a potential oxidant upon the
deglaciation, considering the oxidation of I− in seawater requires reactive oxygen species such as
O3 and H2O2 (Hardisty et al., 2020). If the upwelling resulted in a shoaling OMZ (oxygen
minimum zone), carbonates precipitated close to OMZ would more likely have very low
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I/(Ca+Mg). In our records, there is an increase of average I/(Ca+Mg) ratios near the boundary of
C2 and C3 with a pulse as high as ~2 μmol/mol, but no significant difference is observed
between the middle and upper part of the Jiulongwan section (Fig. 5b). A negative shift in δ13C
and a brief increase of U and Mo concentrations are present around that interval (Fig. 5b). Thus,
these I/(Ca+Mg) data do not conflict with the concept of upwelling and DOC oxidation (low
δ13C), but do not lend strong support to it, either.
It is unclear how the I/(Ca+Mg) signal was linked to δ34SCAS and δ66Zn results. An
increase of δ66Zn at the C2-C3 transition was interpreted as recording enhanced precipitation of
Zn sulfides that preferentially remove isotopically light Zn (Yan et al., 2019). Similarly, an
increase of δ34SCAS is also found at the same stratigraphic interval (upper C2), suggesting
increased of pyrite burial during late stages of cap carbonate deposition (Huang et al., 2013). It
remains uncertain if the high I/(Ca+Mg) ratios at this interval captured a local signal in response
to a regionally or globally significant oceanographic event that marks the transition towards
more oxygenated environments, because so far the negative shift in ẟ13C and positive shifts in
ẟ34SCAS and ẟ66Zn at the C2-C3 transition have not been globally documented. We suggest these
proxies should be examined together with updated views of each isotopic system in the future.
Redox changes
Cerium anomalies are also reported from several sections of the Doushantuo cap
carbonates in South China. The negative Ce anomaly, with Ce/Ce* values lower than 1.0, usually
represents a more oxic condition, since it is a result of scavenging of oxidized Ce4+ by Mn oxides
and hydrous Fe oxides (Bau and Koschinsky, 2009). Negative Ce anomalies lower than 0.6,
which are comparable to values from well-oxygenated Devonian and later samples reported in
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Wallace et al. (2017), are found in lower and upper part of the Doushantuo cap carbonates in
several sections (Fig. 5b; Hohl et al., 2017).
These records indicate at least transient oxygenation occurred in South China during
deposition of cap carbonates. Similarly, pulses of I/(Ca+Mg), up to ~2 μmol/mol are observed in
Jiulongwan and Zhongling sections (Fig. 5b), which were all formed in shelf environments.
However, neither a persistent I/(Ca+Mg) trend nor a significant correlation with Ce anomalies is
observed at the stratigraphic scale in our data. We assume that this could be caused by different
ways in which iodine and cerium proxies record ocean redox changes or different responses of
the two proxies to diagenetic alterations. On the other hand, positive Ce anomalies with values
greater than 1.3 have also been found in cap carbonates (Fig. 5b; Hohl et al., 2017; Wu et al.,
2019). The positive Ce anomaly can be generated by reductive dissolution of Mn oxides in the
manganous zone, which represents an intermediate redox level between fully anoxic and oxic
conditions (Tostevin et al., 2016; Wu et al., 2019). The occurrence of the manganous zone in the
water column is also supported by elevated Mn/Fe ratios near the top of cap carbonates (Fig. 5b;
Wu et al., 2019). Nevertheless, I/(Ca+Mg) and Ce anomaly data may indicate intermittent
oxygenation in the shelf environment during the deposition of cap carbonates, which needs to be
taken with caution unless future studies in other cap carbonates globally provide a more
definitive dataset.

Conclusion
I/(Ca+Mg) ratios from cap carbonates of the basal Doushantuo Formation likely indicate
an overall low-oxygen condition during the precipitation of cap carbonates. The spatial pattern of
I/(Ca+Mg) data across a shelf-to-basin transect seems to support more fluid-buffered diagenesis
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near the slope section where the I/(Ca+Mg) values are systematically lower than those of the
other sections. Temporal variations of I/(Ca+Mg) ratios and other published redox proxy data in
shelf sections support freshwater mixing, deep water upwelling and transient oxidation events
during the deposition of the Doushantuo cap carbonates. Due to the complex diagenetic history
of these cap carbonates, cautions must be taken when using I/(Ca+Mg) for paleoredox
interpretations.
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Figures

Fig. 1. a) Paleogeographic reconstruction of the late Neoproterozoic South China Block and
localities of studied cap carbonate sections; b) Late Neoproterozoic transect across the South
China Basin. Figures are all simplified from Jiang et al. (2011).
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Fig. 2. I/(Ca+Mg), Mg/Ca and δ13Ccarb profiles of a) Jiulongwan section, b) Zhongling section, c)
Siduping section and d) Yuanjia section. δ13Ccarb data of Jiulongwan section are published in
Wang et al. (2008) and δ13Ccarb data for Zhongling, Siduping and Yuanjia sections are published
in Jiang et al. (2010). Solid circles show samples with I/(Ca+Mg) measured by this study. Open
circles in a) show some extremely negative δ13Ccarb values measured from calcite cements in
fractures and sheet cracks by Wang et al. (2008). Seven I/(Ca+Mg) and Mg/Ca data points of the
Siduping section are averages of our measured results and published data from Hardisty et al.
(2017), since they were sampled from the same stratigraphic section and height.

Fig. 3. I/(Ca+Mg) and δ13Ccarb cross plot. Red dots, with extremely low δ13Ccarb, all show
I/(Ca+Mg) below detection limit. Blue dots are samples from the upper slope Siduping section,
and they may have been relatively heavily altered by fluid-buffered diagenesis. Gray dots are
samples from the other three sections.
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Fig. 4. Box plots showing I/(Ca+Mg) and Mg/Ca ratio distributions of four studied sections of
the Doushantuo cap carbonates in South China. The slope section of Siduping has the lowest
I/(Ca+Mg) values and highest Mg/Ca ratios. The whiskers represent the minimum and maximum
of data.
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Fig. 5. The temporal I/(Ca+Mg) trend and a) δ44Ca, 87Sr/86Sr, Smn/Ybn, Y/Ho and b) δ13Ccarb,
trace element concentrations, Ce anomalies, Mn/Fe ratios. Black straight lines are averages of
data within the time interval and gray boxes show standard deviations of each interval. Gray
dashed line in Ce anomaly panel represents Ce/Ce* = 1.0 and orange dashed line represents
Ce/Ce* = 1.3. The black arrow in the panel of δ13C shows the approximate height where negative
δ13C down to −45 ‰ were reported by Wang et al. (2008) in Jiulongwan section. \
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